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IN THE UOTTED STATES PATENT AND TRADEMARK OFFICE 



Applicants: Neeper, M. P. et al. 



Serial No.: 09/642.405 - Case No.: 20413Y 
Filed; August 21, 2000 

For: SYNTHETIC HUMAN PAPILLOMAVIRUS 
GENES ' 



Art Unit: 
1632 

Examiner: 
Li, Q. J. 



Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 



Sir: 



DECLARATION UNDER 37 CF.R. §1.132 



I, William L. McClements, Hereby declare that: 



1 . I am a named as co-applicant of U.S. Application Serial Number 
09/642,405, filed August 21, 2000, vvhich claims priority from U.S. Provisional Patent 
Application No. 60/150,728, filed August 25, 1999, and also claims priority from U.S. 
Provisional Patent Application No. 60/210,143, filed June 7. 2000. 

2. I am currently a Senior Investigator at Merck & Co., Inc., and have been 
since October 2002. Additional research positions that I held at Merck consist of the positions of 
Senior Research Fellow from July 1995 to October 2002, Research Fellow from May 1988 to 
July 1994, and Senior Research Vixologist from 1983 to April 1988. Prior to working at Merck, 

I was employed as a Senior Scientist by Genex Corporation in Gaithersburg, Maryland. My 
primary responsibilities during my employment at Merck include research and development in 
the field of microbial vaccines. During my scientific career, I have co-authored over thiny-five 
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peer-reviewed publications in the fields of virology and molecular and cellular biology (see 
Exhibit A). I have also presented my research at numerous scientific meetings (see Exhibit B). 
Additionally, I am an inventor of subject matter claimed in 6 patent families and hold a number 
of issued patents in the United States and other jurisdictions (See Exhibit C). 

3. I have reviewed the present Application, the pending claims, and the 
Office Action mailed February 10, 2004 (hereinafter ''Office Action"). The pending claims are 
drawn to synthetic polynucleotides comprising a nucleotide sequence encoding a codon- 
optimized human papillomavirus serotype 16 (HPV16) protein, adenoviral vaccine vectors 
comprising an adenoviral genome comprising a polynucleotide encoding a codon-optimized 
HPV16 protein, shuttle plasmid vectors comprising a nucleotide sequence encoding a codon- 
optimized HPV16 protein, a vaccine plasmid comprising a nucleotide sequence encoding a 
codon-optimized HPV16 protein, and a process for expressing an HPV16 protein in a 
recombinant host cell, 

4. I understand that the Examiner has rejected pending claims 1-4, 6, 10, 17, 
21, 22, and 30, inter alia, on the grounds that it would have been obvious to one of skill in the art 
at the time the invention was made to use the methods of Zolotukhin et al. (U.S. Patent No. 
5,874,304; hereinafter, ''Zolotukliin")i Frazer et al. (U.S. Patent No. 6,489,141, hereinafter 
"Frazef ') or WO 99/02694 (hereinafter "Frazer PCX") in view of Ludmerer et al., (U.S. Patent 
No. 5,952,216; hereinafter "Ludmerer") and Apt et al. (U.S. Patent No. 6,399,383, hereinafter 
"Apt") "for efficiently producing HPV-16 proteins with a reasonable expectation of success." 
(Office Action, page 6, lines 7-10). The Examiner further alleges that "[t]he ordinary skilled 
artisan would have been motivated to modify the claimed invention because the improved 
efficiency of protein production." (Office Action at page 6, lines 10-11). I respectfully disagree. 

5. It is my contention that it would not have been obvious to combine 
elements from Zolotukhin, and Frazer in view of Ludmerer and Apt to arrive at the instant 
invention because, at the time the application was filed, we did not have an "expectation of 
success" based on our previous experience with codon-optimization. Prior to filing the instant 
application, I participated in the codon-optimization of the gD and gB genes from Herpes 
simplex virus type 2 (HS V2) for high level expression in human cells. Analysis of expression of 
the optimized HS V2 genes compared to their namral counterparts indicated that gene expression 
did not improve upon codon-optimization, but rather stayed the same. Prior to the time of filing, 
I was also aware of my colleagues' attempts to improve expression of genes from tuberculosis 
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(TB). In that case, expression of the "optiniized" versions of the TB genes was actually lower as 
compared to the wild-type equivalents. 

6. It is my contention chat, as stated above, codon-optimization is not always 
successful at producing increased gene expression in a cell type of interest and that successful 
codon-optimization of one virus is not predictive of future success with a different virus. In the 
present case, the Examiner has cited Frazer and Zolotukhin in view of Ludmerer and Apt in 
support of the assertion that it would have been obvious to codon-optimize genes from HPV-16. 
In each of these references, genes other than HPV-16 genes were codon-optimtzed. Both Frazer 
and Zolotukhin codon-optimized the gene encoding green fluorescent protein (GFP). Frazer 
additionally optimized only late genes from bovine papillomavirus 1 (BPVl). Based upon these 
references, it was not known that HPV-16 codon-optimization would be successful prior to the 
present invention, particularly given that GFP is not related at all to papillomavirus and that 
BPV-1 causes a different disease than HPV-16. More specifically, BPV-1 causes cutaneous 
fibropapillomas (plantar's warts), similar to HPV-1, whereiii HPV16 causes infections of the 
genital mucosa. 

7. It is my contention that art existed at the time of filing the present 
application that would lead one of skill in the art to believe that HPV 16 gene expression is 
Hmited by transcriptional regulation and uiRNA instability, not codon usage. For example, 
Sokolowski and colleagues (/. ViroL 72(2): 1504-1515 (1998); Exhibit D) identified two cis- 
acting inhibitory sequences in the HPV 16 L2 gene, which led to reduced cytoplasmic mRNA 
stability. In contrast, Sokolowski et al also showed that such inhibitory sequences were not 
found in HPVl LI or L2 genes, which are similar to the BPV-1 virus disclosed by Frazer, 
discussed above. Another study by Kennedy et al (7. Virol 64(4): 1825-1829 (1990), Exhibit E) 
also disclosed the presence of a negative regulatory element located upstream of the HPV type 
16 late mRNA polyadenylation signals, which they concluded ''probably acts as a mRNA 
instability sequence." See Kennedy at page 1828, last paragraph. Tan et al (/. Virol 69(9): 
5607-5620 (1995), Exhibit F) also reported the presence of an inhibitory element in the open 
reading frame of HPVl 6 LI. Additional discussion on the dghtly regulated expression of 
papillomavirus late genes and the affect of cw-acting negative RNA elements on papillomavirus 
late gene expression was reviewed by Stefan Schwartz in 1998 {Seminars in Virology 8: 291- 
300, Exhibit G). 
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8. 



It is my understanding that the Examiner has also rejected pending claims 



19, 20, and 23, on the grounds that it would have been obvious to one of skill in the ait at the 
time the invention was made to use the methods of Zolotukhin and Frazer in view of Ludraerer 
and Apt, and further in view of Enl et al. (U.S. Patent No. 6,019.978, hereinafter "Ertl") and 
Donnelly et al. (7. Infect Diseases 713: 314-20 (1996); hereinafter "Donnelly''). The rejected 
claims are drawn to adenoviral vaccine vectors comprising an expression cassette comprising a 
polynucleotide encoding a codon-optimized HPV16 protein, wherein said polynucleotide is 
codon-optimized for expression in a human host cell, and a vaccine plasmid comprising an 
expression cassette comprising a polynucleotide encoding a codon-optimized HPV16 protein, 
wherein said polynucleotide is codon-optimized for expression in a human host cell. I 
respectfully disagree with the Examiner's assertion for reasons appearing in paragraphs 5-7 
above. 



true and that all statements made on information and belief are believed to be true; and further 
that these statements are made with knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1001 of Title XVin of the United 
States Code and that willful false statements may jeopardize the validity of this application for 
patent or any patent issuing thereon. 

Furthermore, Declarant sayeth not. 

Declarant's full name: WILLIAM LYTLEMCCLEMENTS - /I / 



9. 



I hereby declare that all statements made herein of my own knowledge are 




Date: 



attachments: Exhibits A-G 
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EXHIBIT A 



PublicatioTis 



1. Benike, C, McClements, W. L., and Davis, J. (1975) Molecular size of the RNA 
genome of Pseudomonas aeruginosa bacteriophage PP7. Virology 66:625-628. 

2. McClements, W. L. and Kaesberg, P. (1977) Size and secondary structure of potato spindle 
tuber viroid. Virology 76:477-484. 

3. McClements, W. L. and Skalka, A.M. (1977) Analysis of chicken ribosomal RNA genes and 
construction of hybrids containing gene fragments. Science 196:195-197. 

4. McClements, W. L., Tilghman, S., Crouch, R. and Skalka, A. (1978) Cloning and analysis of 
RDNA from higher eukaryotes. In: International Symposium on genetic engineering. H.W. 
Boyer and S. Nicosia, cds., Elsevier, North Holland. 

5. McClements, W. L., Hanafusa, H., Tilghman, S. and Skalka, A. (1979) Structural smdies on 
oncornavirus -related sequences in chicken genomic DNA. Two step analysis of EcoRl and 
Bgin restriction digests and tentative mapping on an ubiquitous endogenous provirus. Proc. 
Natl. Acad. Sci. USA, 76:2165.2169. 

6. Oskarsson, M., McClements, W. L., Blair, D.G., Maizel, J.V. and Vande Woude, G.F- (1980) 
Properties of a normal mouse cell DNA sequence (sarc) homologous to the src sequence of 
Moloney sarcoma virus. Science 207: 1222-1224. 

7. Skalka, A., DeBona, P., Hishinuma, F. and McClements, W. L. (1980) Avian endogenous 
proviral DNA: Analysis of integrated evl and related gs", chf provirus by molecular cloning. 
Cold Spring Harbor Symp. of Quant. Biol. 44:1097-1104. 

8. Vande Woude, G.F., Oslcarsson, M., McClements, W. L., Enquist, L.W., Blair, D.G., 
Fischinger, P.J., Maizel, J. and Sullivan, M. (1980) Characterization of Integrated Moloney 
Sarcoma Proviruses and Flanking Host Sequences Cloned in Bacteriophage. Cold Spring Harbor 
Symp. of Quant. Biol. 44: 735-74. 

9. Blair, D.G., McClements, W. L., Oskarsson, M., Fischinger, P. and Vande Woude, G.F. 
(1980) The biological activity of cloned Moloney sarcoma virus DNA: terminally redundant 
sequences may enhance transformation efficiency. Proc. Natl. Acad. Sci. USA, 77: 3504- 



10. Dhar, R., McClements, W. L., Enquist, L. and Vande Woude, G.F. (1980) Nucleotide 
sequences of integrated Moloney sarcoma provirus long terminal repeats and their host and viral 
junctions. Proc. Natl. Acad. Sci. USA 77: 3937-3941. 

11. McClements, W,L., Enquist, L.W., Oskarsson, M., Sullivan, M., and Vande Woude, G.F. 
(1980) Frequent site-specific deletion of coliphage murine sarcoma virus recombinants and its 
use in the identification of a retrovirus integration site. J. Virology 35; 488-497. 
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12. McClements, W.L.. Blair, D.G., Oskarsson, M. and Vande Woude, G.F. (1980) Two 
regions of the Moloney leukemia virus genome are required for efficient transformation by src 
/sarc. In Animal Virus Genetics ICN/UCLA Symposia on Molecular and Cellular Biology, B. 
Fields, R.L. Jaenisch, C. Fox, eds.. Academic Press, New York, N. Y., pp. 455-460. 

13. Blair, D.G., Oskasson, M., McClements, W. L„ and Vande Woude, G.F. (1981) The long 
terminal repeat of Moloney Sarcoma pro virus enhances transformation. In Haematology and 
Blood Transfusion, Vol. 26, Modem Trends in Human Leukemia IV, Neth, GalJo, Graaf, 
Monnweiler, Winkler, eds., Springer Verlag, Berlin, pp. 460-466. 

14. McClements, W,L. (1981) Retrovirus Integration. In Microbiology 1981, D, Schliessinger, 
ed. American Society of Microbiology, Washington, D.C., pp. 56-60. 

15. McClements, W,L,, Dhar, R., Blair, D.G., Enquist, L., Oskarsson, M. and Vande Woude, 
G-F. (1981) The long terminal repeat of integrated Moloney Sarcoma provirus. Cold Spring 
Harbor Symp. on Quani. Biol., Vol. 45: 699-705. 

16. McClements, W,L., and Vande Woude, G.F. (1981) Cloning Retroviruses: Retrovirus 
Cloning. In Genetic Engineering, Principles and Methods, J. Setlow and A. Hollaender, eds., 
Plenum Press, New York, N.Y., pp. 89-103. 

17. Blair, D.G., Oskarsson, M., Wood, T.G., McClements, W.L., Fischinger, P J. and Vande 
Woude, G.F. (1981) Activation of the transforming potential of a normal cell sequence: A 
molecular model for oncogenesis. Science 212: 941-943. 

18. McClements, W. L, Yamanaka, G., Garsky, V., Perry, H., Bacchetti, S., Colonno, R., and 
Stein, R.B. (1988) Oligopeptides Inhibit the Ribonucleotide Reductase of Herpes Simplex Virus 
by Causing Subunit Separation. Virology 162:270-273. 

19. Hazuda, D., Perry, H., Naylor, A., and McClements, W. L, (1991) Characterization of the 
Herpes Simplex Virus Origin Binding Protein Interaction with Ori $. J. Biol. Chem. 266:24621- 
24626, 

20. Hazuda, D.J., Perry, H,, and McClements, W, L. (1992) Cooperative Interactions Between 
Replication Origin-bound Molecules of Herpes Simplex Virus Origin-binding Protein Are 
Mediated via the Amino Terminus of the Protein. J. Biol. Chem. 267:14309-14315. 

21. Chang, L.L, Hannah, Ashton, W.T., Rasmusson, G.H., Ikeler, T.J., Patel, G.F., Garsky, 
v., Uncapher, Yamanaka, G., McClements, W.L., and Tolman, R.L. (1992) Substituted 
Penta- and Hexapeptides as Potent Inhibitors of Heipes Simplex Virus Type 2 Ribonucleotide 
Reductase. Bioorganic & Medicinal Chem. Letters, 2:1207-1212. 

22. Perry, H.C., Hazuda, D.J. and McClements, W.L. (1993) The DNA Binding Domain of 
Herpes Simplex Virus Type 1 Origin Binding Protein As a Transdominant Inhibitor of Virus 
Replication, Virology 193:73-79. 
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23. Tomassini, J., R Selnick, M,E. Davies, M.E. Annstrong, J. BaJdwin, M Bourgeois, J. 
Hastings, D. Hazuda, J. Lewis, W. McClements, , G. Pontecello, E. Radzilowski, G. Smith, A. 
Tebben, A. Wolfe (1994) Inhibition of the Cap (m7GpppXm)-Dependeni Endonuclease of 
Infuenza Virus by 4-Substituted 2,4,-dioxobutanoic Acid Compounds. Antimicrobial Agents and 
Chemotherapy 38: 2827-2837. 

24. McClements, W.L., M.E. Annstrong, R.D. Keys, M.A. Liu. (1996) Immunization vdth DNA 
Vaccines Encoding Glycoprotein D or Glycoprotein B, Alone or in Combination, Induces 
Protective Immunity in Animals Models of Herpes Simplex Virus-2 Disease. Proc. Nat. Acad. 
Sci.USA 93:11414^11420. 

25. Liu, M. A., W. McClements, J. B. Ulmer, J. Shiver, and J. Donnelly. (1997) Immunization 
of non-human primates with DNA vaccines. Vaccine. 15:909-912. 

26. McClements, W. L. M. E, Armstrong, R. D. Keys, and M. A. Liu. (1997) The prophylactic 
effect of immunization with DNA encoding herpes simplex virus glycoproteins on HS V-induccd 
disease in guinea pigs. Vaccine. 15:857-860 

27. Ulmer, J. B., C. M. DeWitt, M. Chastain, A. Friedman, J. J. Donnelly, W. L. McClements, 
M. J. Caulfield, K. E. Bohannon, D. B. Volldn, and R. K. Evans. (1999) Enhancement of DNA 
vaccine potency using conventional aluminum adjuvants. Vaccine. 18:18-28. 

28. Ludmerer, S. W. & McClements, W. L. (1999). Humoral responses to human 
papillomaviruses that neutralize infectivity. Current Topics in Virology 1, 169-174. 

29. Ludmerer, S. W., W. L. McClements, X. M. Wang, J. C. Ling, K. U. Jansen, and N. D. 
Christensen. (2000) HPVll mutant virus-like particles elicit immune responses that neutralize 
virus and delineate a novel neutralizing domain. Virology. 266:237-245. 

30. McClements, W. L., X. M. Wang, J. C. Ling, D. M. Skulsky, N. D. Christensen, K. U. 
Jansen, and S. W. Ludmerer. 2001. A novel human papillomavirus type 6 neutralizing domain 
comprising two discrete regions of the major capsid protein LI. Virology. 289:262-268. 

31. Tobery, T. W., S. Wang, X. M. Wang, M. P. Neeper, K. U. Jansen, W. L. McClements, and 
M. J. Caulfield. (2001). A simple and efficient method for the monitoring of antigen-specific T 
cell responses using peptide pool arrays in a modified ELISpot assay. J. IMMUN. METHODS. 
254:59-66. 

32. Christensen, Neil D.; CladeL Nancy M.; Reed, Cynthia A.; Budgeon, Lynn R,; Emberst, 
Monica E.; Skulsky, Deemarie; McClements, William L; Ludmerer, Steven W.; Jansen, Kathrin 
Ute. Hybrid papillomavirus LI molecules assemble into virus-like particles thai reconsiimte 
conformational neutralizing epitopes and induce neutralizing antibodies to distinct HPV types. 
(2001) Virology 291:324-334. 

33. Tobcry, T.W., Smith, J.F., Kuklin, N.,.Skulsky, D.,Ackerson, C, Chen, L.,Cook, J.C., 
McClements, W.L., Jansen, K.U. (2003) Effect of vaccine delivery system on the induction of 
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HPV16L1 -specific humoral and cell-mediated immune responses in immunized rhesus 
macaques. Vaccine. 21:1539-47. 

34. Xin-Min Wang, Kathrin, U. Jansen, and William L. McClements (2003), DNA replicative 
functions of highly-expressed, codon-optimized human papillomavirus proteins El and E2. J, 
Virol. Methods. 108: 83-90 

35. Wang, X-M; Cook,-J-C; Lee, J.C; Jansen, K,U; Christensen, N.D; Ludmerer, S.W; 
McClements, W.L. (2003). HPV 6 Virus Like Particles Present Overlapping Yet Distinct 
Conformational Epitopes. J. Gen. Virol. 84. 1493-7, 

36. Wang. X-M; Noble, L; Kreiswirth, B.N; Eisner, W; McClements, W; Jansen, K.U; 
Anderson, A.S (2003) Evaluation of a multilocus sequence typing system for Staphylococcus 
epidemiidis J. Med. Microbiol. 52. 989-98. 

37. Kuklin NA, Pancari GD, Tobery TW, Cope L, Jackson J. Gill C, Overbye K, Francis KP, Yu 
J, Montgomery D, Anderson AS, McClements W, Jansen KU. (2003)Real-time monitoring of 
bacterial infection in vivo: development of bioluminescent staphylococcal foreign-body and 
deep-thigh-wound mouse infection models. Antimicrob Agents Chemother. 47:2740-8. 
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EXHIBIT B 

Selected Meeting Abstracts 



1. McClements, W. Boone, L., Hanafusa, H. and Skalka, A. (1978) Analysis of endogenous 
and infecting avian oncornavirus pro viral DNAS. Cold Spring Harbor, New York. 

2. Blair, D.G., McClements, W. L., Oskarsson, M., Vande Woude, O.R and Fischinger, P J. 

(1979) Recombinant DNA cloning of murine oncornaviruses: Role of defined sarcoma and 
leukemia genetic sequences in transformation. Proc. EX International Symp. on Comparative 
Research on Leukemia and Related Diseases. Picsunda, USSR- 

3. Skalka, A., DeBona, P., Hishinuma, R, and McClements, W. L. (1979) Avian endogenous 
proviral DNA: Analysis of integi'ated evl and related s', chf provirus by molecular cloning. Cold 
Spring Harbor Symp. on Quant. Biol., Cold Spring Harbor, New York. 

4. Oskarsson, M., McClements, W.L., Blair, D.G., Maizel, J.V. and. Vande Woude, G.R (1980) 
Sarc: A normal mouse sequence homologous to the "'src" sequence of Moloney sarcoma virus. 
Animal Virus Genetics src ICN-UCLA Symposia on Molecular and Cellular Genetics, Keystone, 
Colorado. 

5. Blair, D.G., McClements, W.L., Oskarsson, M., Vande Woude, G.F., and Fischinger, P.J. 

(1980) Biological analysis of the transforming activity of cloned recombinant Moloney MS V. 
Animal Virus Genetics ICN-UCLA Symposia on Molecular and Cellular Genetics, Keystone, 
Colorado. 

6. McClements, W.L., Dhar, R. and VAnde Woude, G.F. (1980) Nucleotide sequence of 
provirus -host junctions of integrated Moloney sarcoma virus. RNA Tumor Virus Meetings, Cold 
Spring Harbor, New York. 

7. McClements, W.L., Blair, D.G., Oskarsson, M., Wood, T.G. and Vande Woude, G.F. (1980) 
Leukemia virus sequences required for transformation by SRC/SARC. RNA Tumor Virus 
Meetings, Cold Spring Harbor, New York. 

8. Vande Woude, G.F., Blair, D.G., Dhar, R., Enquist, L., McClements, W.L., Oskarsson, M. 
(1980) Properties of the terminal repeat sequence of integrated Moloney sarcoma provirus. 
Movable Genetic Elements Symposium, Cold Spring Harbor, New York. 

9. Vande Woude G.F., Blair, D.G., McClements, W.L., Wood, T.G., and Oskarsson, M. (1980) 
Properties of two regions of the Moloney leukemia virus genome required for efficient 
transformation by SRC /SARC. Modem Trends in Leukemia Research, Wilsede, Germany. 

10. McClements, W.L., Blair, D.G,, McGeady, M.L., and Vande Woude, G.F. (1981) Use of a 
retroviral sequence as a cloning vehicle. RNA Tumor Virus Meetings, Cold Spring Harbor, New 
York. 
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11. Blair. D.G., McClements, W.L., Oskarsson, M. and Vande Woude, G.R (1981) The efficient 
activation of M-MUSV provirus V-mos transformation by cotransfection with cloned LTR 
sequences. RNA Tumor Virus Meeting, Cold Spring Harbor, New York. 

12. Wood, T.G., Blair, D.G.. McClements. W.L., Oskarsson, M. and Vande Woude, G.F. (1981) 
Mos-specific RNA in cells transformed with recombinant cellular and viral DNAS. RNA Tumor 
Virus Meetings, Cold Spring Harbor, New York. 

13. Vande Woude, G.F., Blair, D.G., McClements, W.L, Wood, T.G. and Oskarsson, M. (1981) 
Retroviruses as cloning vehicles ICN-UCLA Symposia on Molecular and Cellular Biology, 
Keystone, Colorado. 

14. Wood, T.G., Blair, D.G., Oskarsson, M., McClements, W.L., and Vande Woude, G.F. 
(1981) Activation of the transforming potential of a normal cell sequence. Tenth International 
Symposium for Comparative Research on Leukemia and Related Diseases. Los Angeles, 
California. 

15. McClements. W.L., Davies, M.E., Robinson, P., Long, W.J., and Field, A.K, (1986) 
Characterization of Monoclonal Antibodies Reactive with the HSV-2 Major DNA Binding 
Protein [ICSP11(12)] and Associated Proteins. American Society for Virology. Santa Barbara, 
California. 

16. McClements, W.L., Yamanaka, G., Garsky, V., Peny, H., Bacchetti, S., Colonno, R., and 
Stein, R. (1987) Dissociation of Herpes Simplex Virus Ribonucleotide Reductase Subunits by 
Oligonucleotides. The 12th International Herpes Virus Workshop. Philadelphia, Pennsylvania. 

17. Yamanaka, G., McClements, W. L., Perry, H., and Uncapher, C. (1988) Subunit Interactions 
in Herpes Simplex Virus Ribonucleotide Reductase as Probed by Limited Proteolysis. 13th 
International Heii)esvirus Workshop. University of California, Irvine. 

18. McClements, W. L., Uncapher, C, Perry, H., and Hazuda, D. (1989) Mapping of Functional 
Domains in the Large Subunit of Herpes Simplex Virus Ribonucleotide Reductase. 14th 
International Herpesvirus Workshop, Nyborg Strand, Denmark, 

19. Hazuda, D.J., Perry, H.C., Naylor, A.M., and McClements, W,L. (1991) The Interaction of 
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Human papillomavirus capsid proteins LI and L2 are detected only in terminally differentiated cells, 
indicating that expression of the LI and L2 genes is blocked in dividing cells. The results presented here 
establish that the human papillomavirus type 16 L2 coding region contains cif-acting inhibitory sequences. 
When placed downstream of a reporter gene, the human papillomavirus type 16 L2 sequence reduced both 
mRNA and protein levels in an orientation-dependent manner. Deletion analysis revealed that the L2 sequence 
contains two m-acting inhibitory RNA regions. We identified an inhibitory region in the 5 '-most 845 nucleo- 
tides of L2 that acted by reducing cytoplasmic mRNA stability and a second, weaker inhibitory region in the 
3' end of L2. In contrast, human papillomavirus type 1 LI and L2 genes did not encode strong inhibitory 
sequences. This result is consistent with observations of high virus production in human papillomavirus type 
1-infected tissue, whereas only low levels of human papillomavirus type 16 virions are detectable in infected 
epithelium. The presence of inhibitory sequences in the LI and L2 mRNAs may aid the virus in avoiding the 
host immunosurveillance and in establishing persistent infections. 



Human papillomaviruses (HPVs) are nonenveloped DNA 
tumor viruses that can induce a variety of proliferative lesions 
upon infection of epithelial cells (28, 53, 70, 72). To date, more 
than 70 different HPV types have been identified (24). Each of 
these types infects either mucosal or cutaneous epithelium at 
distinct anatomical sites. Members of a subset of the HPV 
types are etiological agents of cancers, e.g., HPV-16, and are 
referred to as high-risk types, whereas certain HPV types are 
rarely or never found in cancers, e.g., HPV-1, and are referred 
to as low-risk types (28, 35, 53, 71). HPV-1 infects cutaneous 
epithelium at the plantar surface of the foot, whereas HPV-16 
shows tropism for mucosal epithelial cells. 

The production of HPV virions is strictly linked to the dif- 
ferentiation stage of the infected epithelial cell, and viral late- 
gene products, LI and L2 (Fig. 1), are detected primarily in the 
terminally differentiated cells in the upper layers of the epi- 
thelium (11, 23, 32, 33, 53, 56, 61). One reason for the restric- 
tion of HPV late-gene expression to terminally differentiated 
cells and for the differences observed in the levels of expression 
of late-gene products from various HPV types may be the 
presence of negative regulatory elements in the HPV late 
mRNAs. Such elements were originally described by Kennedy 
et al. (29, 30), who reported the identification of an inhibitory 
sequence in the HPV-16 late 3' untranslated region (UTR) 
(Fig. 1) which acted by reducing mRNA stability in vitro. Other 
investigators proposed that the activity of this negative regu- 
latory element required the presence of a 5' splice site-like 
sequence (21). In an attempt to produce HPV-16 LI from 
eucaryotic expression plasmids encoding LI cDNAs, we rea- 
soned that deletion of the negative sequence in the late 3' 
UTR would allow high LI production. However, deletion of 
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the late 3' UTR from an HPV-16 LI cDNA did not result in 
the production of detectable levels of LI (58), indicating that 
the LI coding region itself contained sequences that inhibit LI 
production. These sequences acted in cis and inhibited the 
expression of a reporter gene to the extent of several hundred- 
fold (58). Subsequent experiments demonstrated that inhibi- 
tory sequences were located primarily in the 5' half of the LI 
coding region and spanned several hundred nucleotides (58). 

In the work described here, we investigated if HPV-16 L2 
(Fig. 1) contains sequences that negatively affect L2 expression 
levels. The results presented here demonstrate that the 
HPV-16 L2 coding region contains cts-acting inhibitory RNA 
sequences that act by reducing mRNA and protein levels. A 
sequence in the 5' end of HPV-16 L2 acted as an mRNA 
instability determinant, and a weaker, posttranscriptionally ac- 
tive sequence was found in the 3' end of L2. We also show that 
the HPV-1 LI and L2 coding regions do not contain strong 
inhibitory sequences. HPV-1 virions are easily detected in vivo, 
whereas HPV-16 virions are not. Therefore, the presence of 
inhibitory sequences in LI and L2 correlates with the amounts 
of virus produced in vivo. 

MATERIALS AND METHODS 

Plasmid constructions. The following plasmids have been described elsewhere: 
pE55 (59), pNLCATW (58), and pCSlX (58); pC16Ll(A) and pC16Ll(S) have 
been described as pCATLl A and pCATLlS (58), respectively, and pT7-16L2 has 
been described as pT7L2 (25). 

pH16L2 was generated by excising a BssYiW-Kpnl fragment from pT7-16L2, 
followed by insertion into toHII- and /^pnl -digested pNLCATW (58), thereby 
replacing the chloramphenicol acetyltransferase (CAT) gene with the HPV-16 
L2 open reading frame (ORF). To generate pCMV16L2, the HPV-16 L2 coding 
region was PGR amplified with oligonucleotides L2START (5'-CAGCGCGCC 
CrrAACAATGCGACACAAACG-3') and L2STOP (5'-CAGTCGACCGTG 
GCCTCACTAGGCAGCC-3') and inserted into //pal-digested, calf intestinal 
alkaline phosphatase (CIAP)-treated pLNCX (36). pC16L2(S) and pC16L2(A) 
were produced by subcloning, in the sense and antisense orientations, respec- 
tively, an HPV-16 L2 DNA fragment that had been PGR amplified from pT7- 
16L2 with oligonucleotides L2START and L2STOP into yl5p718-digested, Kle- 
now fragment-treated pNLGATW (58). pG16L2-Stop was constructed by 
annealing oligonucleotide GG-BAMHI (5'-CGCGCGGGGGGGGGGGGGG 
GGGGGGGGGGATGCGCGGGCCCGCGGCCGCGGGGGCG-3'), followed by 
subcloning into pG16L2(S) that had been digested with BssHW and treated with 
GIAP. Digestion of pG16L2(S) with Mlu\ and teHII, followed by T4 DNA 
polymerase treatment and religation, generated pl6L2AC. pGL2D was gener- 
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FIG. 1. Genomic map of HPV-16. Numbers indicate nucleotide positions (51), the shaded box indicates the L2 coding region, and the white box indicates the LI 
coding region. NCR, noncoding region, containing the late 3' UTR; pA, HPV-16 late polyadenylation signal. 



ated by digestion of pC16L2(S) with Sail and Spel and religation. To generate 
pCL2C, pC16L2(S) was digested completely with Sail and partially with Spel and 
religated. A fragment that had been PGR amplified from pT7-16L2 with oligo- 
nucleotides L2START and L2M (5 '-CGTCGACCTGGAGCTATATTAAT AC- 
S') was ligated into pBluescript that had been digested with EcoRV and treated 
with CIAP, generating pKSLZB. To generate pCL2B, a BssHll'Sall fragment 
from pKSL2B was ligated to pC16L2(S) that had been digested with Mlul and 
Sail. pCL2A was constructed by digestion of pC16L2(S) with Spel, followed by 
religation. pCL2Rl, pCL2R2, pCL2R4, pCL2R5, and pCL2R7 were constructed 
by insertion intoXj:p718-digested, Klenow fragment-treated pNLCATW (58) of 
HPV-16 L2 DNA fragments that had been PGR amplified with the following 
primer pairs: L2D (5'-GGTCGACGGAATTAATGAAGGAGGTTGG-3') and 
L2B (5'-CAGGGGTGAGTAACrAGTAGCAGAGGCA-30, L2G (S'-GACGC 
GTAATATAGGTGGAGATGGTGAC-3') and USTOP, L2B and L2G (5'-CG 
TGGACGGATGAATAGTACTTAAA-3'), L2E (S'-CAGGCGTCTATTGATG 
GTGCAGAAG-3') and L2ST0P, and L2C and L2D- To generate pL2HU(S) 
and pL2HU(A), HPV-16 L2 sequences were PGR amplified with oligonucleo- 
tides L2B and L2ST0P and inserted in the sense and antisense orientations, 
respectively, into 5ml-digested pNLGATW (58). 

pClLl(S) and pClLl(A) were generated by subcloning into Ajp718-digested, 
Klenow fragment-treated, CIAP-treated pNLCATW (58), in the sense and an- 
tisense orientations, respectively, HPV-1 LI sequences that had been PGR am- 
plified from pHPV-1 (17) with oligonucleotides HILISTOP (5'-GTTATATAG 
AATTCATACTAAGGG-3') and H1L1START(5'-AGGGTGGACAAAGAGG 
TTATGT-3'). pGlL2(S) and pClL2(A) were generated by subcloning into 
Xsp718-digested, Klenow fragment-treated pNLGATW (58), in the sense and 
antisense orientations, respectively, HPV-1 L2 sequences that had been PGR 
amplified with H1L2S (5'-GGTGGAGGTAAGAAATGTATGGGCrAGG-3') 
and HlUA (5'-AGAATrGGATTATAGATAAGGTCTnTAGG-3'). 

pHCMVtat was constructed by subcloning a Sall-Hpal human immunodefi- 
ciency virus type 1 (HIV-1) Tat-encoding fragment from pNL147 (48) into Sall- 
and f(pa I -digested pGH16pA (58). pKSNLCAT was generated by ligation of a 
//mdlll-fcoRI fragment from pNLCATW into pBluescript (Stratagene) that 
had been digested with Hindlll and EcoRl. 

Cells, trans feet ions, and CAT ELISA. For transfection of adherent cells 
(HLtat [48], 293. NIH 3T3, BHK-21, and GV-1), 3 x lO^ cells were seeded per 
60-mm-diameter plate 24 h prior to transfection. Plasm id pHCMVtat, producing 
HIV-1 Tat, was included in transfections. Transient transfections were carried 
out by the calcium phosphate coprecipitation technique (22) as described pre- 
viously (60). For suspended cells (Jurkat and U937), 10* cells were transfected 
with Lipofectamine (Ufe Technologies) according to the manufacturer's instruc- 
tions. The cells were harvested 20 to 48 h post transfection, and the amount of 
GAT protein was quantified in a GAT antigen capture enzyme-linked immu- 
nosorbent assay (ELISA; Boehringer GmbH). pCSlX (58) was included as an 
internal control in each transfection experiment, and secreted alkaline phospha- 
tase (SEAP) activity was determined as previously described (58). In transfec- 
tions executed for downstream RNA analysis, pHCMVtat was included as an 
internal control. When the vaccinia virus T7 RNA polymerase expression system 
(20) was used, cells were infected with 0.5 x 10* PFU of recombinant vaccinia 
virus vTF7-3 (20) expressing T7 RNA polymerase 1 to 2 h prior to transfection. 
Each experiment was repeated at least three times, and mean values of repre- 
sentative results are shown. 

RNA preparation and primer extension. Total cytoplasmic RNA was prepared 
from transfected HeLa or HLtat cells as previously described (60), For fraaion- 
ation and preparation of nuclear RNA, the cells were lysed directly in culture 
dishes with Nonidet P-40 (NP-40) lysis buffer (10 mM Tris-Gl [pH 7,5], 150 mM 



NaQ, 15 mM MgQz, 0,65% [NP-40 Sigma]). The nuclei were washed three 
times in NP-40 lysis buffer and then scraped off the culture dishes into 250 |jl1 of 
NP-40 lysis buffer with a rubber policeman. Nuclei from two 60-mm-diameter 
culture dishes were pooled. Sodium dodecyl sulfate (SDS) was added to a final 
concentration of 0.2%, and nuclei were lysed on ice for 5 min, with repeated 
vortexing. Following freezing-thawing on dry ice and at 37**G, the samples were 
treated with DNase I for 10 min at 3T*C. The samples were extracted twice with 
an equal volume of phenol -chloroform [at a ratio of 1:1; phenol was equilibrated 
in 1 M 3-(yV-morpholino)propanesulfonic acid (MOPS; pH 6.0)], followed by 
extraction with chloroform and ethanol precipitation. Pellets were resuspended 
in water, RNA was quantified by spectrophotometry, and the quality of the RNA 
was checked on agarose gels. 

Primer extension was carried out by coprecipitating 50 p-g of nuclear or 
cytoplasmic RNA with 10^ cpm of [7-^2p]ATP-labelled oligonucleotides NL-PX2 
(5'-GGGCACACAGTAGnTGAG-3'), CMV-PX3 (5'-TGGATGGGTGCGG 
GTGTCrT-3'), and 47S-PX6 (5'-GGCAGAGCCGCGGGGGCATC-3')- Oligo- 
nucleotide NL-PX2 hybridizes to the 5' end of mRNA transcribed from the 
HIV-1 long terminal repeat (LTR) promoter, oligonucleotide CMV-PX3 hybrid- 
izes to the 5' end of mRNA transcribed from the human cytomegalovirus (CMV) 
immediate-early promoter, and oligonucleotide 47S-PX6 hybridizes to the 5' end 
of the 47S rRNA precursor transcript. Annealing was performed by resuspending 
the RNA pellet in 8 p,! of Ix RT buffer (50 mM Tris-Q [pH 8.3], 75 mM KCl, 
3 mM MgCl2, 0.5 mM each deoxynucleoside triphosphate [dNTP]), followed by 
incubation at 65°C for 1 min, at 3T'C for 1 min, and on ice for 1 min. cDNA 
synthesis was carried out by adding 8 |xl of ix RT mbcture (50 mM Tris-Q [pH 
8.3], 75 mM KQ, 3 mM MgQs, 10 mM dithiothreitol, 0.5 mM each dNTP, 5 U 
of Molony murine leukemia vims reverse transcriptase [Life Technologies] per 
M,l, 0.25 U of RNA Guard [Pharmacia] per ^J), followed by incubation at 42X for 
60 min. The reaction was stopped by RNase treatment (1 \Jigof RNase A and 20 
U of RNase Ti [Ambion]) at 3TC for 10 min, followed by ethanol precipitation. 
The pellet was resuspended in formamide loading dye (80% deionized form- 
amide, 1 mM EDTA, 0.1% bromphenol blue, 0.1% xylene cyanol), and the 
suspension was boiled for 2 min. The reaction products were separated on 6% 
polyacryl amide-urea gels. Gels were analyzed by autoradiography, and RNA 
levels were quantified with a Phosphorlmager (Molecular Dynamics). Each ex- 
periment was repeated at least three times, and representative results are shown. 

Northern RNA blotting. Northern RNA blotting was performed essentially as 
described previously (58). An antisense [a-^^P]UTP-labelled riboprobe was gen- 
erated from //mdllMinearized pKSNLCAT as described previously (68). The 
synthetic RNA was complementary to the 5' ends of mRNAs produced from 
pNLCATW-derived plasmids and contained 180 nucleotides (nt) of the HIV-1 5' 
LTR and 213 nt of the 5' end of the CAT gene. 

Extraction of poly(A)'*" mRNA and reverse transcription (RT)-PCR. Cytoplas- 
mic poly(A)'^ mRNA was isolated with Dynabeads Oligo (dT)25 (E>ynal A. S.) as 
described previously (60). Briefly, transfected cells were lysed for 5 min on ice in 
NP-40 lysis buffer. Cytoplasmic and nuclear fractions were separated by centrif- 
ugation at 8,000 x ^ for 2 min. Supematants were incubated with an equal 
volume of 2X binding buffer (20 mM Tris-HQ [pH 7.5], 1.0 M LiQ, 2 mM 
EDTA, 0.5% SDS) containing 400 of Dynabeads Oligo (dT)25. After three 
washes in washing buffer (10 mM Tris-HQ [pH 7.5], 0.15 M LiQ, 2 mM EDTA), 
poly(A)"^ mRNAs were eluted from the beads with elution buffer (2 mM EDTA 
[pH 7.5]) at eS^C for 2 to 3 min and stored at -7(fC until use. 

RT-PGR was performed as previously described (60). Briefly, fourfold serially 
diluted cytoplasmic poly(A)'^ mRNA was reverse transcribed at 42*'C for 1 h in 
a total reaction volume of 30 p.1 with random hexamers. Five microliters of the 
cDNA product was PGR amplified in a lOO-jil reaction volume with oligonucle- 



1506 SOKOLOWSKI ET AL. 



J. Virol. 



L2 [tfoduction: 



A HPV-I6L2 

pT7-16L2 It7V «M — 
PCMVI6L2 Fii^ Hl^t^«a^ ^te!j^^ 

LTR T 



B 



P L L L 




--L2 



FIG. 2. (A) Structures of the L2 expression plasmids. Shaded boxes indicate 
the HPV-16 L2 coding region, striped boxes represent HIV-1 LTRs, and trian- 
gles represent poly(A) signals (pA). Plasmid names are indicated on the left. T7, 
bacteriophage T7 RNA polymerase promoter, CMV, CMV immediate-early 
promoter, (B) Radioimmunoprecipitation of HPV-16 L2 from HeLa ceils in- 
fected with recombinant vaccinia virus vTF7-3 (20) and transfected with pT7- 
16L2 or HUat cells (48) transfected with pH16L2 or pCMV16L2. P, preimmune 
guinea pig serum; L, guinea pig anti-HPV-16 L2 peptide antiserum (18). Num- 
bers indicate molecular masses in kilodaltons. 



nant vaccinia virus producing T7 RNA polymerase (20) yielded 
high levels of L2 protein (Fig. 2). In the latter case, transcrip- 
tion of the plasmid occurs in the cytoplasm, while in the former 
case, nuclear factors are required. We do not know if the high 
L2 expression levels observed in the vaccinia virus T7 RNA 
polymerase expression system are a result of the bypassing of 
the nucleus, overall high transcription levels in this expression 
system, or interactions between vaccinia virus and the infected 
cell. We obtained similar results previously using the HPV-16 
LI gene (58). Our results indicated that the HPV-16 L2 coding 
region contains inhibitory sequences. 

The HPV-16 L2 coding region contains cu-acting inhibitory 
sequences that act in an orientation-dependent manner. To 
investigate if the HPV-16 L2 coding region contains sequences 
that inhibit gene expression, the entire HPV-16 L2 coding 
region was inserted, in sense and antisense orientations, down- 
stream of the CAT reporter gene in plasmid pNLCATW (58), 
resulting in plasmids pC16L2(S) and pC16L2(A), respectively 
(Fig. 3). These plasmids were separately transfected in tripli- 
cate into HLtat cells (48) in the presence of the SEAP-pro- 
ducing plasmid pCSlX (58), included as an internal control for 
transfection efficiency. The standard deviation was less than 
30% in all experiments shown, and all plasmids were analyzed 
in a minimum of three independent transfection experiments. 
Mean values of CAT levels produced after triplicate transfec- 
tions revealed that pC16L2(S) produced 49-fold-lower lev- 
els of CAT than pNLCATW (58), whereas pC16L2(A) and 



otides CATS-2 (5'-CGTCrCAGCCAATCCCrGGGTG-3') and CATA (5'-CT 
A1TAGGCCCCGCCCrGCCACTC-3') to detect cDNA of the CAT or CAT- 
HPV-16 L2 hybrid mRNA or EP (S'-AGGTGACGGTACAAGGGTCTCAGA 
AA-3') and EW (5'-CCCACCATGTTCTTTCAAAGGC-3') to detect cDNA of 
the equine infectious anemia virus (EIAV) gag mRNA produced from the in- 
ternal control plasmid pE55 (59). PGR was performed in a total reaction volume 
of 100 M,l for 25 cycles at 94°C for 1 min, 55*^0 for 1 min, and 72°C for 1 min, with 
a final extension at 72°C for 10 min. A 10-jiJ sample from each RT-PCR was 
analyzed by electrophoresis on 5% polyacrylamide gels. 

Radioimmunoprecipitation. Transfected cells were starved for 30 min in Met- 
free medium containing 0.5% fetal calf serum, followed by metabolic labelling 
for 1 h with 200 ^-Ci of p^SjMet. The cells were washed and lysed in ice-cold 
RIPA buffer (25 mM Tris-HQ [pH 7.4], 75 mM NaQ, 0.5% Triton X-100, 0.5% 
sodium deoxycholate, 0.05% SDS). After three freezing-thawings, the cell ex- 
tracts were centrifuged, and supernatants were collected, mixed with normal 
guinea pig serum, and incubated for 30 min at 4''C. Protein A-Sepharose (Phar- 
macia) beads were added, and incubation was continued for 1 h, followed by 
centrilPugation and collection of supernatants. Normal guinea pig serum or 
guinea pig anti-HPV-16 L2 peptide antiserum (18) was added, and incubation 
was performed at 4''C for 16 h, followed by the addition of protein A-Sepharose 
beads and continued incubation for 3 h. The samples were heated, loaded onto 
10% polyacrylamide^DS gels (acrylamide/bisacrylamide ratio, 29:1) under re- 
ducing conditions, and electrophoresed at 180 V. The gels were dried and 
autoradiographed at -70°C 
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RESULTS 

The HPV-16 L2 protein can be efficiently produced in HeLa 
cells by use of the vaccinia virus T7 RNA polymerase-based 
expression system but not by use of eucaryotic expression 
plasmids. We first attempted to express HPV-16 L2 (Fig. 1) 
from plasmids containing the HIV-1 LTR promoter (pH16L2) 
(Fig. 2A) or the CMV promoter (pCMV16L2) (Fig. 2A), 
which we have used previously for high expression of other 
virus genes, e.g., those encoding EIAV and HIV-1 proteins 
(48, 49, 59). However, the levels of L2 produced from these 
plasmids were undetectable (Fig. 2). In contrast, transfection 
of plasmid pT7-16L2, which contains the bacteriophage T7 
promoter (Fig. 2A), into HeLa cells infected with a recombi- 
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pClLl(S) 



[ID-^H-^ 
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FIG. 3. Schematic structures of CAT expression plasmids. The HIV-1 LTR 
(striped boxes), the CAT gene, and the HPV-1 or HPV-16 LI and L2 sequences 
are indicated. Plasmids contained the LI or L2 ORF from the first ATG to the 
translational stop codon. Plasmid names are shown on the left. Arrows indicate 
sense (-*) and antisense (*-) orientations. The depicted plasmids were trans- 
fected in triplicate into HLtat cells, and CAT levels were monitored in a CAT 
ELISA and normalized to SEAP levels produced from the internal control 
plasmid pCSlX (58). The mean CAT values obtained after triplicate transfec- 
tions with pNLCATW (58) were divided by the mean CAT values obtained after 
triplicate transfections with the indicated plasmids to yield fold inhibition. 
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TABLE 1. The negative element in HPV-16 L2 is active 
in cells of different origins 



Cell line 


Origin 


Fold inhibition 


HeLa 


Human epithelioid 


126 


293 


Human epithelial morphology 


14 


Jurkat 


Human T cell 


50 


U937 


Human monocyte 


14 


CV-1 


Monkey fibroblast morphology 


39 


BHK-21 


Hamster fibroblast morphology 


55 


NIH 3T3 


Mouse fibroblast 


68 



pNLCATW (58) produced similar levels of CAT (Fig. 3). 
These results demonstrated that the HPV-16 L2 coding region 
contains cw-acting inhibitory sequences that acted in an orien- 
tation-dependent manner to reduce CAT production. For 
comparison, we analyzed the effect on CAT expression of the 
HPV-16 LI coding region. The results demonstrated that 
pC16Ll(S) produced 202-fold-lower CAT levels than pNL- 
CATW (58) and that the presence of LI in an antisense ori- 
entation had a lower inhibitory effect (Fig. 3), as we described 
previously (58). The HPV-16 LI sequence had stronger inhib- 
itory activity than the L2 sequence. 

The HPV-1 LI and L2 coding regions do not contain strong 
inhibitory sequences. We next investigated if the presence 
of inhibitory sequences in the LI and L2 coding regions is 
a general property of HPVs. The LI and L2 coding se- 
quences from HPV-1 were separately inserted in the sense 
and antisense orientations downstream of the CAT gene in 
pNLCATW (58), resulting in pClLl(S), pClLl(A), pClL2(S), 
and pClL2(A) (Fig. 3). Tliese plasmids were transfected into 
HLtat cells (48), and the levels of CAT were determined. The 
results showed that HPV-1 LI and L2 inhibited CAT expres- 
sion 13- and 3-fold, respectively (Fig. 3), demonstrating that 
the HPV-1 LI and L2 coding sequences encode only low in- 
hibitory activity. The ratios between CAT levels produced from 
each plasmid containing HPV sequences in the sense orienta- 
tion and CAT levels produced from the corresponding plasmid 
containing HPV sequences in the antisense orientation were 
0.32 and 1.1 for the HPV-1 LI [pClLl(S)/pClLl(A)] and L2 
[pClL2(S)/pClL2(A)] plasmids, respectively, whereas the cor- 
responding ratios for the HPV-16 LI [pC16Ll(S)/pC16Ll(A)] 
and L2 [pC16L2(S)/pC16L2(A)] plasmids were 0.05 and 0.03, 
respectively. We concluded that the HPV-16 LI and L2 coding 
regions contain strong inhibitory sequences located on the 
coding strand; the HPV-1 L2 sequence appeared to lack sig- 
nificant inhibitory activity, whereas the HPV-1 LI sequence 
had weak inhibitory activity. 

The inhibitory sequences in HPV-16 L2 are active in cells of 
different origins. We transfected pC16L2(A) or pC16L2(S) 
(Fig. 2A) into cell lines of different origins (Table 1) to test if 
the inhibitory activity of the L2 sequences was restricted to 
epithelial cells. Table 1 shows a 14- to 126-fold difference in 
CAT production between pC16L2(A) and pC16L2(S) in the 
cell lines, indicating that the inhibitory sequences were func- 
tional in different cell types and in cells from different species. 
However, the inhibitory element in HPV-16 L2 acted most 
efficiently in human epithelial cells. The results indicated that 
the regulatory mechanism involving the HPV-16 L2 sequences 
is evolutionarily conserved and is not cell type specific. 

The HPV-16 L2 coding region contains m-acting sequences 
that reduce cytoplasmic and nuclear mRNA levels. To further 
investigate the inhibitory effect of the HPV-16 L2 coding se- 
quence, plasmids pC16L2(S), pC16L2(A), and pNLCATW 
were separately transfected into HLtat cells in the presence of 



the internal control plasmid pHCMVtat (see Materials and 
Methods), and cytoplasmic mRNA levels were monitored by 
primer extension. The results revealed that pNLCATW and 
pC16L2(A) produced similar mRNA and protein levels, where- 
as pC16L2(S) produced significantly lower mRNA and protein 
levels than pC16L2(A) and pNLCATW (Fig. 4A), respectively. 
The differences were 20- to 13-fold at the mRNA level and 
133- to 147-fold at the protein level. Quantitation of mRNA 
and protein levels in cells transfected with serially diluted 
pNLCATW verified that the analysis was performed in the 
linear range of the assays (Fig. 4B). In addition, we analyzed 
cytoplasmic poly(A)"** mRNA by RT-PCR with fourfold seri- 
ally diluted mRNA. The results demonstrated that the mRNA 
levels produced from pC16L2(S) were approximately 30- to 
60-fold lower than those produced from pNLCATW (Fig. 4C). 
The levels of internal control EL\V gag mRNA did not vary 
significantly between the two transfections. The CAT protein 
levels produced from pC16L2(S) were 140-fold lower than 
those produced from pNLCATW in the same transfection 
experiment (Fig. 4C). 

Next, cytoplasmic and nuclear RNAs were extracted and 
analyzed by primer extension. The mRNA levels produced fi'om 
pC16L2(S) were lower than those produced from pNLCATW 
in both cellular compartments (Fig. 5A). The results in Fig. 5B 
show that the mRNA levels produced from pC16L2(S) were 
13-fold lower in the cytoplasm and 6-fold lower in the nucleus 
than those produced from pNLCATW. Analysis of the subcel- 
lular distribution of the pC16L2(S) and pNLCATW mRNAs 
showed that 25 and 41% were cytoplasmic, respectively (Fig. 
5). pHCMVtat mRNA was evenly distributed in the cytoplas- 
• mic and nuclear compartments (Fig. 5A; 46 and 40% of the 
pHCMVtat mRNAs were cytoplasmic in the two transfec- 
tions). The 47S rRNA precursor was found only in the nuclear 
fractions (Fig. 5A), as expected. CAT protein levels produced 
from pC16L2(S) in the same transfection experiment were 
73-fold lower than those produced from pNLCATW (Fig. 5B). 
It was observed in all transfection experiments that the inhib- 
itory effect was greater at the protein level than at the mRNA 
level. These results indicated that the L2 sequence acted by 
reducing mRNA levels in the nuclear and cytoplasmic com- 
partments and suggested an additional inhibitory effect on 
mRNA utilization. 

HPV-16 L2 contains cytoplasmic mRNA instability determi- 
nants. To investigate if the decreased levels of L2-containing 
mRNAs could be explained by a reduced mRNA half-life, 
HLtat cells were transfected with pC16L2(S) or pNLCATW 
and treated with actinomycin D for 0, 30, and 60 min. Cyto- 
plasmic RNA was extracted, and mRNA levels were quantified 
by primer extension. Figure 6A shows that the mRNAs pro- 
duced from pC16L2(S) were less stable than those produced 
from pNLCATW, a result which explains, at least in part, the 
reduced steady-state levels of L2-containing mRNAs. The cy- 
toplasmic half-life of pC16L2(S) mRNAs was 61 min, whereas 
the pNLCATW-derived mRNAs had a half-life of 161 min 
(Fig. 6B). The mRNA half-life was reduced approximately 
threefold when the L2 sequence was present on the mRNA, 
The pC16L2(S)-derived mRNAs were more stable in the nu- 
cleus than in the cytoplasm (data not shown), and we therefore 
focused on cytoplasmic L2 mRNA, The stability of several 
cellular mRNAs is affected by translation inhibitors (reviewed 
in reference 41). To test if CAT-L2 mRNA levels could be 
induced by translation inhibitors, we treated pC16L2(S)-trans- 
fected cells with cycloheximide for 0, 1, 2, and 3 h. Levels of 
cytoplasmic mRNAs produced from pC16L2(S) continuously 
increased during the cycloheximide treatment time course 
(Fig. 7A), indicating that the effect on cytoplasmic mRNA 
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FIG. 4. The HPV-16 L2 inhibitory sequences reduce cytoplasmic mRNA levels. (A) Cytoplasmic mRNA levels produced from the indicated plasmids were detected 
by primer extension. NL, extension products of mRNAs derived from the HIV-1 LTR promoter; CMV, extension products of the internal control mRNA derived from 
the CMV immediate-early promoter in pHCMVtat; CAT units, CAT protein levels produced from the indicated plasmids. (B) Serially diluted pNLCATW plasmid 
DNA was transfected into HLtat cells. Cytoplasmic mRNA levels (counts per minute [cpm]) were quantified by use of a Phosphorlmager, and CAT protein levels (CAT 
units) were quantified by a CAT antigen capture ELISA. NL, primer extension products of mRNAs derived from the HIV-1 LTR promoter in pNLCATW. (C) RT-PCR 
of fourfold serially diluted cytoplasmic poly(A)'^ mRNAs extracted from HLtat cells transfected with plasmid pNLCATW or pC16L2(S) as indicated. The upper panel 
shows PCR amplification with oligonucleotide primers specific for cDNA generated from the CAT mRNAs produced from pNLCATW and pC16L2(S), and the lower 
panel shows PCR amplification with oligonucleotide primers specific for cDNA generated from the EIAV^o^ mRNAs produced from the internal control plasmid pE55 
(59). RT-, amplification from poly(A)'^ mRNA in the absence of reverse transcriptase. 



Stability was dependent on protein synthesis. There was an 
approximate fivefold induction after 3 h of cycloheximide 
treatment (Fig. 7A), while the difference in steady-state 
mRNA levels between pC16L2(S) and pNLCATW was 10- 
to 30-fold, indicating that inhibition of translation did not 
entirely prevent premature cytoplasmic degradation of CAT- 
L2 mRNAs. To test if specific inhibition of translation of the 
mRNA produced by pC16L2(S) resulted in increased cytoplas- 
mic mRNA levels, a stable GC-rich hairpin loop that blocks 
translation of the mRNA was inserted at the 5' end of pC16L2 
(S), generating pC16L2-Stop (Fig. 7B). This plasmid did not 
produce detectable levels of CAT protein. The mRNA levels 
produced from pC16L2-Stop were twofold lower than those 
produced from pC16L2(S) (Fig. 7C). The reason for this may 
be that the introduction of a stable RNA structure may have 
effects on the mRNA other than inhibiting translation. These 
results indicated that the reduction of the cytoplasmic mRNA 
levels by the L2 sequence was not dependent on translation of 
the L2-CAT mRNAs. The results presented here also demon- 
strate that HPV-16 L2 contains a rapid mRNA degradation 



determinant and suggest that a labile factor targets HPV-16 L2 
mRNAs for premature degradation in the cytoplasm. 

We wished to confirm that the low cytoplasmic mRNA levels 
produced from the CAT-L2 hybrid plasmids were a result of 
the presence of L2 and were not caused by the combination of 
CAT and L2 sequences. We therefore compared the steady- 
state cytoplasmic mRNA levels produced from pl6L2AC (Fig. 
7B), designed to express the L2 gene from the HIV-1 LTR 
promoter in the absence of the CAT gene, with those produced 
from pC16L2(S). The two plasmids produced similar low cy- 
toplasmic mRNA levels (Fig. 7C), and L2 protein could not be 
detected in cells transfected with pl6L2AC (data not shown). 
In conclusion, the presence of the HPV-16 L2 sequence in the 
mRNA resulted in decreased mRNA levels, caused by rapid 
mRNA degradation. 

The cytoplasmic mRNA instability sequence is contained in 
the 5'-most 845 nt of HPV-16 L2. To map the negative se- 
quences in HPV-16 L2, we introduced deletions in the L2 
sequence contained in pC16L2(S), resulting in plasmids pCL2D, 
pCL2C, pCL2B, and pCL2A (Fig. 8A). The L2 sequences 
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FIG. 5. The HPV-16 L2 inhibitory sequences reduce mRNA levels in both 
cytoplasmic and nuclear compartments. (A) Cytoplasmic (C) and nuclear (N) 
mRNA levels produced from the indicated plasm ids were detected by primer 
extension. NL, extension products of mRNAs derived from the HlV-1 LTR 
promoter; CMV, extension products of the internal control mRNA derived from 
the CMV immediate-early promoter in pHCMVtat; 478, extension product of 
the 478 precursor rRNA. (B) Histogram showing cytoplasmic (cyto) and nuclear 
(nuc) mRNA levels (counts per minute [cpm]) quantified by use of a Phosphor- 
Imager and CAT protein levels (CAT units) produced from the indicated plas- 
mids. 



present in pCL2A, pCL2B, and pCL2C inhibited CAT expres- 
sion when compared to pNLCATW but less so than did the entire 
L2 sequence present in pC16L2(S) (Fig. 8A). pCL2D produced 
CAT levels similar to those produced from pNLCATW (Fig. 
8A), demonstrating that the inhibitory sequences had been 
destroyed. Therefore, sequences in the 5' and 3' ends of the L2 
coding region contributed to the inhibitory activity. Alterna- 
tively, inhibitory sequences were located in the 5' end and in 
the middle portion of the L2 coding region. 

Next, the cytoplasmic mRNA levels produced from 
pNLCATW and the HPV-16 L2-containing plasmids pC16L2(S), 
pCL2D, pCL2C, pCL2B, and pCL2A were assayed and quan- 
tified by primer extension. pCL2D produced mRNA and CAT 
protein levels similar to those produced from pNLCATW, 
demonstrating that the mRNA instability determinant had 
been destroyed by the deletion. pCL2C was partially inhibitory, 
indicating that L2 sequences between nt 4228 and nt 4865 were 
required for the function of the mRNA instability determinant. 
However, these sequences did not encompass the entire 
mRNA instability determinant. pCL2B produced mRNA lev- 
els comparable to those produced from pC16L2(S), indicating 
that the first 845 nt contained the complete mRNA instability 
sequence. To confirm this result, mRNA levels produced from 
serially diluted pCL2B were determined and compared to 
mRNA levels produced from pNLCATW and pC16L2(S) (Fig. 
8C). The results verified that pCL2B produced low levels of 
mRNA similar to those produced from pC16L2(S) (Fig. 8C) 
and that pCL2B and pC16L2(S) produced lower mRNA levels 
than did pNLCATW (Fig. 8C). Actinomycin D time course 
experiments with pCL2B- and pNLCATW-transfected cells, 
followed by analysis of the cytoplasmic mRNA levels produced 
from these plasmids, showed that the cytoplasmic half-life of 
pCL2B mRNAs was threefold lower than that of pNLCATW 
mRNAs (Fig. 8D). These results mapped the HPV-16 L2 
mRNA instability sequence to the first 845 nt of the L2 ORF. 
Interestingly, pCL2A produced higher mRNA levels than did 
pC16L2(S), but these were lower than those produced from 
pNLCATW, indicating that the mRNA instability determinant 
was affected but not destroyed. However, at the protein level, 
the inhibitory activity of the L2 sequence in pCL2A was stron- 
ger than that in pCL2B (Fig. 8B), suggesting the existence of 
additional inhibitory sequences in the 3' end of L2. 

Identification of inhibitory sequences in the 3' end of L2. To 
confirm the presence of inhibitory sequences in the 3' end of 
L2, sequences spanning various parts of the 3 '-most 800 nt of 
HPV-16 L2 (nt 4865 to nt 5665) were inserted downstream of 
CAT in pNLCATW. Analysis of the CAT levels produced 
from pCL2Rl and pCL2R2 (Fig. 9A) revealed that the L2 
sequences present in these two plasmids inhibited CAT pro- 
duction to similar extents (Fig. 9A), suggesting that an inhib- 
itory region was located in the middle of these two overlapping 
sequences. The borders of this region should be nt 5060 and nt 
5520. However, the presence of this fragment downstream of 
CAT, as in pCL2R7, did not result in strong inhibition (Fig. 
9A), indicating that additional sequences in the 5' and 3' ends 
were required for efficient inhibition. This suggestion was con- 
sistent with larger deletions of 5' and 3' sequences, as in 
pCL2R5 and pCL2R4, respectively, resulting in a loss of inhi- 
bition (Fig. 9A). We concluded that an inhibitory region was 
located downstream of nt 4860 in the L2 coding sequence and 
that efficient inhibition required the presence of 500 to 600 nt 
of the L2 3' end. 

Next we monitored the cytoplasmic mRNA levels produced 
from plasmids pNLCATW, pCL2Rl, and pCL2R4 (Fig. 9A). 
Primer extension revealed that pCL2Rl produced approxi- 
mately twofold-lower cytoplasmic mRNA levels than did 
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FIG. 6. ,The HPV-16 L2 inhibitory sequences reduce cytoplasmic mRNA 
stability. (A) Cytoplasmic mRNA levels produced from the indicated plasmids 
were detected by primer extension at different times ft (min)] after the addition 
of 10 )ig of actinomycin D (Sigma) per ml to the media. NL, extension products 
of mRNAs derived from the HIV-1 LTR promoter; CMV, extension products of 
the internal control mRNA derived from the CMV immediate-early promoter in 
pHCMVtat. (B) Quantitation of mRNA levels at the indicated times by use of a 
Phosphorlmager after normalization to the internal control mRNA levels. Ig, log. 
A representative experiment is shown. 



pCL2R4 and pNLCATW (Fig. 9B). The mRNAs produced 
from these plasmids were of the expected sizes when analyzed 
by Northern RNA blotting (Fig. 9C). These results indicated 
that the 12-foId inhibitory effect conferred by the L2 sequence 
in pCL2Rl (Fig. 9A) was at the posttranscriptional level. The 
presence of the 3' -most 800 nt of the L2 sequence upstream 
of the transcribed region, as in plasmids pL2HU(S) and 
pL2HU(A) (Fig. 9A), had no effect on CAT levels (Fig. 9A), 
further indicating that inhibition occurred posttranscription- 
ally. We concluded that weaker inhibitory sequences were 
present in the 3'-most 800 nt of L2. These inhibitory sequences 
acted independently of those in the 5' end of L2. 

DISCUSSION 

Here we show that the HPV-16 L2 coding region contains 
cw-acting inhibitory sequences that act in an orientation-de- 
pendent manner to reduce cytoplasmic and nuclear mRNA 
levels. The low cytoplasmic mRNA steady-state levels were a 
result of the reduced stability of mRNAs containing L2. Map- 
ping experiments demonstrated that the 5' end of the L2 cod- 
ing region contained an mRNA destabilization sequence and 
that the 3' end of L2 contained a weaker inhibitory sequence 
that acted posttranscriptionally to reduce protein levels. Fur- 
thermore, we showed that strong inhibitory sequences in the 
LI and L2 coding regions are found in HPV-16 but not in 
HPV-1, suggesting that late-gene expression is differently reg- 
ulated by these two HPV types. 

Regulation of mRNA stability is a common mechanism of 



posttranscriptional gene regulation in eucaryotes (reviewed in 
references 2, 3, 9, and 40 to 42). Mammalian c-fos, c-myc, and 
P-tubulin mRNAs have been shown to encode mRNA insta- 
bility determinants in their coding regions (4, 6, 27, 45, 54, 55, 
62-64, 66, 67). Interestingly, c-fos and c-myc mRNAs also 
contain mRNA instability determinants in their 3' UTRs (9, 
41), a property that they share with late HPV-16 LI and L2 
mRNAs (21, 29, 30, 58). The mRNA instability determinants 
in the c-fos, c-myc, and p-tubulin coding regions are located in 
the middle, 3', and 5' regions and span approximately 320 (54, 
55), 320 (63), and 40 (8, 13-15, 38) nt, respectively. The 
HPV-16 L2 coding region mRNA destabilizing determinant is 
contained within the first 845 nt (Fig. 8). Mapping of the 5' end 
of the L2 sequence will show if the size of the functional 
element is smaller. The L2 coding region does not contain 
AUUUA or UUUUU motifs, which are commonly found in 
AU-rich mRNA instability elements (9, 41), but does have a 
60% AH-U content, similar to that of an mRNA instabiUty 
sequence located in the HTV-l gag ORF (50). The human 
insulinlike growth factor II mRNA contains an RNA cleavage- 
promoting sequence in the 3' UTR, consisting of two elements 
located approximately 2,000 nt apart (44). These RNA ele- 
ments hybridize to form the functionally active stem-loop 
structure (44). It remains to be investigated if it is the RNA 
primary or secondary structure that is the major determinant 
of the activity of the HPV-16 L2 mRNA instability determi- 
nant. 

It was previously concluded that translation of the c-myc and 
c-fos mRNAs specifically was required for deadenylation and 
rapid degradation (27, 45, 64). The function of the negative 
element in the p-tubulin coding region is dependent on the 
production of the first amino acids of the p-tubulin protein (66, 
67). Furthermore, the yeast MATal mRNA is rapidly de- 
graded as a result of the presence in the mRNA coding region 
of rare codons (7, 26). Similarly, we showed that treatment of 
cells with the translation elongation inhibitor cycloheximide 
rendered the CAT-L2 hybrid mRNAs more stable in the cy- 
toplasm (Fig. 7A). However, the function of the mRNA insta- 
bility sequence in the CAT-L2 hybrid mRNAs was not depen- 
dent on translation of these mRNAs specifically (Fig. 7B and 
C), suggesting that a labile factor targets the L2 mRNA for 
rapid degradation. This suggestion is not without precedent, 
since premature degradation of a c-fos 3' UTR-containing 
mRNA was shown to be inhibited by cycloheximide but not by 
insertion into the mRNA of sequences that blocked the trans- 
lation of c-fos (31). This idea is consistent with our observa- 
tions of reduced CAT-L2 mRNA levels in both the cytoplasmic 
and the nuclear compartments (Fig, 5), suggesting that mRNA 
destabilization occurs in the nucleus and the cytoplasm. Alter- 
natively, inhibition of translation by cycloheximide affects the 
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FIG. 7, (A) The effea on cytoplasmic mRNA levels of the HPV-16 12 inhibitory sequences could be reduced by translation inhibitors. Cytoplasmic mRNA levels 
produced from the indicated pi asm ids were detected by primer extension at different times [t (h)]) after the addition of 10 (ig of cycloheximide (Sigma) per ml to the 
cell culture media. NL, extension products of mRNAs derived from the HIV-1 LTR promoter; CMV, extension products of the internal control mRNA derived from 
the CMV immediate-early promoter in pHCMVtat. The graph shows quantitation of the mRNA levels at the indicated times by use of a Phosphorlmager after 
normalization to the internal control mRNA levels. A representative experiment is shown. (B) Translation of the CAT-L2 mRNA specifically is not required for the 
reduction of cytoplasmic mRNA levels. Plasmid structures are shown. Shaded boxes represent the HPV-16 L2 coding region, numbers indicate nucleotide positions 
(51), striped boxes indicate HIV-1 LTRs, black boxes indicate the CAT gene, and a GC-rich hairpin is shown as a stem-loop structure. Plasmid names are indicated 
on the left. (C) Cytoplasmic mRNA levels produced from the indicated plasmids were detected by primer extension. NL, extension products of mRNAs derived from 
the HIV-1 LTR promoter; CMV, extension products of the internal control mRNA derived from the CMV immediate-early promoter in pHCMVtat. 



Stability of the mRNA only in the cytoplasm. The c-fos coding 
region instability determinant interacts with cellular factors 
(10), and the c-myc mRNA instability determinant binds a 
70-kDa protein which protects against degradation of the c- 
myc mRNA (39). A recent report indicates that the HPV-16 L2 
protein interacts nonspecifically with nucleic acids (69). How- 
ever, production of the HPV-16 L2 protein is most likely not 
required for the inhibitory activity of the L2 mRNA. It remains 
to be investigated by what mechanism L2-containing mRNAs 
are degraded in the cytoplasm and the nucleus and if cellular 
proteins bind to them. We cannot exclude the possibility that 
L2-containing mRNAs are retained in the nucleus, where they 
are prematurely degraded. 



HPVs infect dividing cells in the basal cell layer of the 
stratified epithelium. As the infected cell moves toward the 
upper cell layers and differentiates, HPV late-gene expression 
is activated (11, 23, 28, 32, 33, 56). This differentiation-depen- 
dent HPV late-gene expression pattern has been observed for 
several different HPV types, illustrating that the expression of 
late genes is suppressed in the lower cell layers, while in the 
upper strata, with differentiated cells, this block is relieved. 
Interestingly, the expression of c-fos in squamous cell epithe- 
lium also is differentiation dependent, with higher c-fos mRNA 
and protein levels in the upper strata (19). Therefore, the 
inhibitory activity of the c-fos and HPV-16 L2 coding region 
determinants must be relieved as the cell differentiates. Inter- 
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FIG. 8. The 5' end of the L2 sequence contains a cytoplasmic mRNA instability determinant. (A) Schematic structures of CAT expression plasmids. Striped boxes 
indicate HIV-1 LTRs, black boxes represent the CAT gene, shaded boxes represent the HPV-16 12 coding region, and arrows indicate antisense (<— ) and sense (->) 
orientations. Numbers refer to nucleotide positions in the HPV-16 genomic clone (51). Plasm id names are shown on the left. The depicted plasmids were transfected 
in triplicate into HLtat cells, and CAT levels were monitored in a CAT antigen capture ELISA and normalized to SEAP levels produced from the internal control 
plasmid pCSlX (58). The mean CAT values obtained after triplicate transfections with pNLCATW (58) were divided by the mean CAT values obtained after triplicate 
transfections with the indicated plasmids to yield fold inhibition (for plasmids from top to bottom, fold inhibition was 1, 1.2, 88, 1, 9, 14, and 56). (B) Histogram showing 
the cytoplasmic mRNA levels quantihed by use of a Phosphor Imager (counts per minute [cpm]) and CAT protein levels (CAT units) produced from plasmids 
pNLCATW, pC16L2(S), pCL2D, pCL2C, pCL2B, and pCL2A. (sets of bars from left to right). (C) Serially diluted pCL2B plasmid DN A was transfected as indicated. 
Cytoplasmic mRNA levels (cpm) were quantified by use of a Phosphorlmager. NL, primer extension products of mRNAs derived from the HIV-1 LTR promoter; CMV, 
extension products of the internal control mRNA derived from the CMV immediate-early promoter in pHCMVtat. (D) Cytoplasmic mRNA levels produced from the 
indicated plasmids were detected by primer extension at different times [t (min)] after the addition of 10 |xg of actinomycin D (Sigma) per ml to the media. NL, extension 
products of mRNAs derived from the HIV-1 LTR promoter; CMV, extension products of the internal control mRNA derived from the CMV immediate-early promoter 
in pHCMVtat. The graphs show quantitation of the mRNA levels at the indicated times by use of a Phosphorlmager after normalization to the internal control mRNA 
levels. Ig, log. A representative experiment is shown. 



estingly, c-myc production decreases as myoblasts differentiate. 
A recent report indicated that this effect is attributable to the 
c-myc coding region mRNA instability determinant (65), dem- 
onstrating an inverse correlation between the inhibitory activ- 
ity of the RNA sequence and eel! differentiation for c-fos and 
HPV-16 late mRNAs. It remains to be investigated if the 
inhibitory sequences in HPV-16 LI and L2 are as active in 
terminally differentiated cells as in dividing cells. 
An attempt to classify HPVs into different groups based on 



the amount of virus present in benign lesions has been made 
and has suggested that HPVs can be divided into three groups: 
productive, weakly productive, and nonproductive (57). It is of 
interest to note that HPV-1 categorically falls into the produc- 
tive group, characterized by the detection of moderate to large 
amounts of virus in lesions, whereas HPV-16 belongs to the 
weakly productive group, where only minute amounts of virus 
can be detected. Since we have identified strong negative se- 
quences in HPV-16 LI and L2 (58; this study) but not in 
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FIG, 9. The 3' end of L2 contains weak inhibitory sequences. (A) Schematic 
structures of CAT expression plasmids. Striped boxes indicate HIV-1 LTRs, 
black boxes represent the CAT gene, shaded boxes represent the HPV-16 L2 
coding region, and thick black lines indicate subfragments of the L2 coding 
region. Numbers refer to nucleotide positions in the HPV-16 genomic clone (51). 
Arrows indicate sense (->) and antisense (<-) orientations. Jagged line, vector 
sequence; +1, start of transcription in the HIV-1 LTR promoter. Plasmid names 
are shown on the left. The depicted plasmids were transfected in triplicate into 
HLtat cells, and CAT levels were monitored in a CAT antigen capture ELISA 
and normalized to SEAP levels produced from the internal control plasmid 
pes IX (58). The mean CAT values obtained after triplicate transfections with 
pNLCATW (58) were divided by the mean CAT values obtained after triplicate 
transfections with the indicated plasmids to yield fold inhibition. (B) Cytoplasmic 
mRNA levels produced from the indicated plasmids were detected by primer 
extension. The histogram shows the mRNA levels quantified by use of a Phos- 
phorlmager (counts per minute [cpm]). (C) Northern RNA blotting of cytoplas- 
mic RNA extracted from cells transfected with the indicated plasmids. The 
positions of the 28S and IBS rRNA species are shown. 



HPV-1 LI and L2, it is reasonable to speculate that the neg- 
ative sequences present in the coding regions may explain the 
different amounts of virions present in lesions caused by 
HPV-1 and HPV-16. In contrast, both HPV-1 and HPV-16 
show strict cell differentiation-dependent expression of late 
genes. This property correlates with the presence of a negative 
element in the 3' UTRs of the late mRNAs of both HPV types 
(29, 30, 58, 60), suggesting that the block in late-gene expres- 
sion caused by the 3' UTR element is alleviated as the cell 
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differentiates. It would be of interest to determine the effect of 
cell differentiation on the activity of the 3' UTR and coding 
region inhibitory sequences. 

The regulation of viral late-gene expression caused by the 
presence of negative regulatory sequences on the mRNAs cod- 
ing for structural proteins appears to be a common strategy 
used by many viruses. Although such inhibitory RNA se- 
quences have not yet been characterized in detail, several re- 
ports on negative sequences on viral late mRNAs have been 
presented. For example, HIV-1 contains inhibitory sequences 
in the Gag, Pol, and Env coding regions (16, 34, 37, 46, 47, 50) 
and human T-cell leukemia virus type 1 contains inhibitory 
sequences in the 5' UTR (52) and in the Pol and Env coding 
regions (43). An mRNA instability sequence previously iden- 
tified in the HIV-1 gag ORF was shown to reduce mRNA 
levels in both cytoplasmic and nuclear compartments (50), 
similar to the data presented here for HPV-16 L2 (Fig. 5). The 
HIV-1 gag mRNA inhibitory element interacted specifically 
with poly(A)-binding protein 1 (1), but in preliminary experi- 
ments we did not detect binding to the L2 sequences of pro- 
teins with an affinity for poly (A). 

The presence of multiple inhibitory sequences on viral late 
mRNAs encoding structural proteins appears to be a common 
property of HIV-1, HTLV-1, and HPV-16. For example, 
HIV-1 contains inhibitory sequences in the Env coding region 
(12, 37) that would be present on the Env-producing and 
Gag-Pol-producing mRNAs as well as inhibitory sequences in 
the Gag and Pol coding regions (16, 34, 47, 50). A similar 
arrangement is observed for HPV-16, where the HPV-16 LI 
coding region contains inhibitory elements (58) that would be 
present on both the LI mRNAs and the L2-L1 mRNAs (5). In 
addition to these negative elements, the L2-L1 mRNAs would 
contain the L2 coding region inhibitory sequences described 
here. Therefore, the inhibitory sequences in HPV-16 L2 would 
allow independent regulation of LI and L2 production. Per- 
haps the presence of inhibitory sequences in the L2 coding 
region allows a balanced production of LI and L2 and reflects 
a requirement for the production of a certain ratio between LI 
and L2 molecules to generate correctly assembled virions. Al- 
ternatively, perhaps the posttranscriptional processing and reg- 
ulation of expression of a polycistronic mRNA are different 
from those of a monocistronic mRNA and therefore require 
more complex cw-acting signals. In conclusion, the presence of 
negative elements on viral late mRNAs allows the virus to 
regulate late-gene expression and virus production. This ability 
may be of critical importance for the virus in avoiding host 
immune system surveillance and in establishing persistent in- 
fections. Subgenomic virus expression plasmids encoding late 
genes lacking negative sequences may be valuable tools for the 
development of DNA vaccines. 
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In the human papDIomavInis type 16 genome, three late mRNA putative 3' processing slgnab, designated 
LPl, LP2, and LP3, are located downstream of the late coding region. Our results show, both In vitro and in 
vivo, that in HeLa cells, the LPl signal ftinctlons. Thus, the restriction in human papilloma vims type 16 
late-gene expression observed in HeLa cells and other nondifferentiated epithelial cells is not achieved by 
regulation of late mRNA poly(A) site usage. Interestingly, alteration of three nucleotides in the GU-rich 
downstream sequence element converts the nonfunctional LPl to an efRcient 3' processing site, suggesting thai 
LPl may Hinctlon in cell types other than HeLa, such as differentiated keratinocyies. Our troosfectSon studies 
have Identified a negative regulatory element located Immediately upstream of the laU mRNA 3' processing 
signals; this element was not associated with any alteration in 3' processing and may act as an mRNA insUbility 
elementy 



Papillomavinises, containing double-stranded circular 
DNA genomes of approxi'mateiy 8 kilobases, are the etiolog- 
ical agents of warts or papillomas and infect humans and 
animals with strict host and tissue specificity (reviewed in 
reference 2), The human papillomaviruses (HPV) are di- 
vene, consisting of at least 60 distinct types, some of which 
have been associated with malignancy; HPV-S. -8, and -14 
are linked with malignant skin lesions in patients with 
epidermodysplasia verruciformis (14), and HPV-16. -18, -31, 
-33, -35, -39. -45, -51, and -52 are linked with cervical cancer 
and other ano-genital cancers (reviewed in reference 3). 

Research on papillomavirus-hosl cell interactions is hin- 
dered by the lack of a tissue culture system capable of 
supporting virus growth; virus capsid antigens and virus 
particles arc observed only in cells that are in the process of 
keratinization or are alrt:ady keratinized (21). Vims DNA 
replication and capsid protein synthesis have not been 
detected in basal keratinocytcs. The nature of this restriction 
in undifferentiated cells is not known and is of considerable 
importance in understanding transmission of these viruses. 
Here wc have utilized HeLa cells, a human cervical carci- 
noma cell line, which probably most closely resemble basal 
keratinocytcs and which are nonpenmissivc for laie-genc 
expression. We describe the use of in viiro polyadenylaiion 
assays and in vivo iransfection assays to examine the 
HPV-16 sequences involved in late mRNA 3' end formation 
and to investigate the possibility that regulation of HPV-16 
late-gene expression may be achieved through differential 
usage of the late poly(A) site. 

Analysis of the published HPV-16 DNA sequence (26) 
indicates that the prototype HPV-16 noncoding region 
(NCR) contains three putative late mRNA 3' processing sites 
(LPl , LP2, and LPS) which, in RNA. consist of a conserved 
AAUAAA signal (22) and downstream sequences. For many 
3' processing sites, a GU-rich downstream element is essen- 
tial and a consensus YGUGUUYY sequence (where Y is a 
pyrimidinc) has been described (16). Two of these sites (LPl 
and LP2) are located within 210 base pairs (bp) of the LI 
open reading frame stop codon (at 7152), whereas LP3 is 
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approximately 550 bp downstream of the slop codon (Fig. 1). 
In addition, we have a naturally occurring variant. HPV- 
16del (12), with a deletion of 122 bp in the NCR. having 
cndpoints in a direct repeat. UGUUUU, at positions 7278 
and 7400; this deletion removes a portion of the downstream 
sequence of LPl and the whole of LP2 but leaves LP3 intact 
(Fig. 1). 

LP2 ninctkins efficiently In extracts from HeLa cells and Is 
tlie only f\inctional late mRNA 3' processing site In vitro. The 
putative late 3' processing signals from the prototype and 
HPV-16del genomes were examined by using 3' processing 
in vitro (19). Precursor RNAs, synthesized from recombi- 
nant pGEM plasmids by using SP6 or T7 RNA polymerase 
(18) and containing the appropriate HPV-16 sequences, were 
incubated with HeLa cell nuclear extracts (4, 19) in the 
presence of ATP or 3' dATP (17, 19). In reactions containing 
ATP. precursor RNA PD753, which contained HPV-16 
sequences from the Pul site at 7008 to the Dde\ site at 7761 
(Fig. 2B) and in which all three signals. LPl, LF2, and LP3. 
were present, was efficiently polyadenylated (Fig. 3A). In 
the presence of 3' dATP, which inhibits polyadenylation but 
docs not prevent cleavage, with PD753 RNA, a prominent 
cleavage product (C;P2) of approximately 355 nucleotides 
was detected; this corresponded to cleavage at the LP2 site 
(Fig. 3A). A second precursor RNA, PD753deI. which lacks 
LP2, was not cleaved at either the LPl or the LP3 site (Fig. 
3 A): the faint band at a size slightly larger than CPl does not 
represent LPl cleavage, since it is also present in the ATP 
reaction. 

To eliminate any potential effects of the upsurcam LPl and 
LP2 signals on LP3, wc examined the use of LP3 in isolation 
by prepanng a precursor RNA, HOjOo, which coniained 
HPV-16 sequences from the EcoBl site at 7453 to the Dfde\ 
Site at 7761 (Fig. 2B). ED308 RNA was not cleaved at the 
LP3 site (Fig. 3A), indicating that this site is inactive on its 
own. Lack of LP3 utilization may be due to the absence of a 
downstream element which closely resembles the GU-rich 
consensus. 

Unlike the LP3 putative site. LPl contains sequences v/ith 
strong homology to both the AAUAAA and GU-nGb ele- 
ments required for RNA processiing. To investigate the 
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PTt SSTS T 7 A KftR RRKL 

7101 CCQfcCOCCT CUTCTACCVC UOUUITGCT iUUtfCCMMi MOGtAAlOCT 

U ttep 

7151 OTMTAtTQ mTOTMQTT GMTTAGTOT TCmomt OTATMQTTT 
7201 CTXTOTCm mTGTGCTT GTmTAm JkGTTCBTXTOT CTOmcnT 

FA ki^aiiipi) yoTorm 

7251 GTATCGIATA miUkC&OQT GTGTXTG^ TSTTIUUITGC TTGTOtMCT 
pk Ai«nal(L»2| to 
7301 ATTCnSTCAT GCJUCftTMA TAMCTTm OTTTCIMCftC CTJICTUTtO 



73S1 TGTTGTGGTT ATTCHTTtSTA ATTTGCtACA T CC I G i m 

7401 CmTAtMA TACTATATTT TfiTlGCOCCA QGeOCiaTTT GTAfiC 
7601 



.TTACA CTOttCTATG TGCAWCIftCT GUTCACTAf GTACmClG 
fA ■l«nal(LP3) Wf O ttn 
7«S1 TCATMtmA TMATCACTA TGCGOCMCG CCTTACAUC CCC T C IT W 

RG. 1. Sequence of HPV-16 DNA in the genome region con- 
taining the puutive late mRNA 3' processing signals. The HPV-16 
DNA sequence is taken from Seedorf et al. (26). Positions of the LI 
stop codon, poUyiA) signals, and YGTGTTVV consensus for LPl, 
LPlt and LiP3 are Indicated. Arrows indicate the approximate 
position of the endpoints» within the direct repeat TGTTTTp for the 
122 bp deletion in HPV-16det. 




prim wij' 



B 



preferential utilization of LP2 over LPl, we examined 
poIy(A) site use in isolation. Double-stranded oligonucLeo- 
tides» consisting of sequences from LPl (a 73-mer containing 
HPV-16 sequences front po&ittons 7246 to 731S) and LP2 (a 
67-mer containing HPV-16 sequences from positions 7305 to 
7367), were synthesized and cloned into pGEM-1, and 
precursor RNAs produced from these ptasmids were ana- 
lyzed in vitro. Results (Fig. 3B) show that LPl RNA gave a 
bareiy detectable CPl cleavage product and was poorly 
polyadenylated. By contrast, LP2 RNA was efficiently 
cleaved and polyadenylated to a level compara)}le to that 
observed with the complete sequence (compare with Fig. 
3A). Constructs in which the LPl and LP2 synthetic se- 
quences were linked in tandem were made. Precursor LPl/ 
LP2 RNA was preferentially cleaved at the LP2 site (Fig. 
3B). Similar results were obtained for an RNA precursor 
with the order LP2/LP1 (data not shown). These data clearly 
indicate that LP2 functions efficiently with extracts from 
HeLa cell^'and is this only ftmctional late mRNA 3' process- 
ing site in vitro. The preferential usage of LP2 over LPl is a 
feature of RNA sequences at these sites and is indepen<tent 
of their order in a precursor. 

Lack Hi tPl utiUgAtlon Is due to a poorly ftmctkmal 
dowBSttream'GUprkh clement. Lack of LPl utilization was 
intrinsic to the LPl site, and one possibility considered was 
that a ^pporiy functional downstream GU-rich clement was 
respohsiblei 'l^mfkariro^ of the GU-rich elements-^ LPl 
aiid i£P2im they differed at the last three nude- 

otidcsi:|$u65^ with UCU would convert the 

LPl'vGUrni^:ietemm^ t& a sequence identical, to a GU-rich 
eJemc^ni - -(iliy U piresent • within LP2 at > a similar 

sp^Cin^LMd^^^^ 

oligbhull!^[^de With thes base changes was cloned mto 
liGBpP Pr^u^^^^ fi^itt this plasmid w^s 

eni(ueh9y(^4:Ie»viEd^'a^ IS to. 20 niiclebtides 

>yith^I^^Rhjf^^ 
pf'j^rBiitilli^dbn^^^^^^^ 
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FIG. 2. HPV-16 sequences analyzed by iransfection or 3' proc- 
essing studies. (A) Organization of the HPV-16 genome, with the 
positions of the early region, the late region, and the NCR indicated. 
Marked are the Pstl sites, and arrows indicate the endpoints of the 
PP1775 fiagmenl (positions 7008 to 879). Below is shown anxniarge- 
ment of the HPV-16 PP1775 fiagment with the positions of the vLl. 
E6, E7, and El open reading frame Sequences and NCR indicated. 
Marked ane the positions of the putative late mRNA 3' processing 
sjcquences LPl, LP2, and LP3 and various restriction enzyme 
cleavage sites (P => Psil, S « Sspl* E £^oRI. and: D Didel), 
Brackets Ideate the position of the 122-bp deletion in the tiPV-'l^el 
genome between positions 7278 and 7400; (B) Relative positions of 
PP1775, PPl775de1. and respective subfragments which have^been 
analyzed by transaction or 3' processing studies. 



ngulatory ckmcntupttlream of^llieftinctlbiitf 

puiaiive iatc nucNA 3' processing -isignalst WerB ^exanirined 
further in vivo by^insertson of appropHate- HPV^16 tDNA 
sequences, as shown m:,Fifi. 2, t>.to Ihe CAT: exprstssibn 
vector pliWl <6), which lacks ^V(A) site rsequ^cesiv^AT 
levds were xieterniined (8^25) foUowifigitraf^sff^ 
recdmbinants 4nto HeLa cells (9). . 'ReCdmbinaiiti^^^^^^^ 
PP1775 an^'CAT PPl775d|d conuiii^ 
I6dd.«(:quence5VbetWert thi^ 
879 wcr^j^tihalyzd; CAi^^W 

LP3; wHUc GAT\:PPll75del contains LJ>1 : ahd^^3. 
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FIG. 3. In vitro 3 processing wjih precui^rRN As conUinlngputalive late mRNA 3' proM^^ 
as follows (A) PD753, which contains all three signals, LPl, LP2, and LP3; PD753dcl. which contains LPl and LP3: and ED308, which 
contains LP3 only. (B) LPl; LP2; LPlmut, which has a substitution of three nucleotides (UGU instead of AAC) in the downstieam GU-rich 
element; and LP1/LP2. which has tandem LPl and LP2 sequences. (C) PE445 and PE445del, which contain the negative regulatory 
scqucncM, and SE227 and SE227del. which lack these sequences. Analysis of RNA products was pcribnned on %% denaturing 
polyaciylamidej^ls. PRE, Unincubated precursor RNA; ATP, polyadenylation reaction containing ATP; 3' dATP, polyadenylation reaction 
containing 3 dATP; M, RNA size markers. Positions of polyadcnylated RNA (pA). the full-length precunor RNA (P), and the 5' portion of 
the RNA cleaved at the LPl poly{A) site (CPl). the LP2 poIy(A) site (CPI), and the LP3 poly(A) site (CP3) are indicated 



HPV-16 fragments used also contain additional late, early, 
srifi NCR sequences. Surprisingly, both of these constructs 
failed to produce CAT activity (Fig. 4, lanes 1 and 2), even 
though CAT PP1775 contained LP2. which functions in 
vitro. This suggested the presence of inhibitory sequences 
within this Psil fragment which prevented CAT expression. 
To identify ^ny inhibitory sequences, subfragmcnis (Fig. 2B) 
of the /I fragment were inserted into pLWl and the CAT 
activities from these constructs were determined. Removd 
of HPV-16 sequences downstream of the EcoRl site at 
position 7453 (CAT PE445 and CAT PE445del), which takes 




FIG. 4. CAT levels in HeLa cell extracts iransfected with the 
HPV-16/CAT plasmid scries. Transfections, containing 10 (i^ of test 
plasmid. were performed as described previously (9). CeJI extracts 
were prepared, and CAT activity was assayed by the procedure of 
Gorman d ai. (8). Lanes: 1, CAT PP177S; 2, CAT PPl775del; 3, 
CAT PB443; 4, CAT PE445deI; J, CAT SE227; 6, CAT SE227dcl; 7. 
pLWl; 8, pTERS; and 9, no DNA. pTER3 is essentially pLWl with 
!h= HSV*2 IS 5 inRNA 3' processing signal inserted downstivam of 
the CAT gene (16). 



away a large portion of the NCR, including LP3 and the E6, 
£7, and El open reading frame sequences, did not increase 
CAT activity (Fig. 4, lanes 3 and 4, respectively). By 
contrast, subsequent removal of sequences upstream of the 
Sspl site at position 7226, which removes the LI open 
reading frame sequences and most of the 3' untranslated 
region (plasmid CAT SE227). conferred high-level CAT 
activity to this recombinant containing prototype HPV-16 
sequences. However, the recombinant CAT SE227deI, 
which contains HPV-16del sequences and lacks LP2 se- 
quences, also produced CAT activity, but levels were con- 
siderably lower than with CAT SE227 (Fig. 4, compare lanes 
5 and 6), These data, summarized in Table 1, indicate that 
sequences between the Pstl site at 7008 and the Sspl site at 
7226 exert a negative regulatory effect on mRNA expression 
from the CAT constructs. Similar results were obtained with 
Cosl cells, implying that the HPV-18 genomes present in 
HeLa ceils (24) are not involved in the negative regulatory 
cSfect of the HPV-16 sequences. 

LP2 appears to be the functional poIy(A) site in vivo, since 
CAT SE227deK which lacks LP2. gave CAT levels only 
2.7% of those given by CAT SE227, which contains LP2. To 
confirm this, the synthetic LPl, LP2» and LPlmut sequences 
were inserted separately into pLWl downstream of the CAT 
gene and were Sransfectcd into HcLa ceils. Results (Table 1) 
indicate that recombinant CAT LP2 gave high CAT activity, 
apd levels obtained were very similar to those obtained with 
CAT SE227, which contains LPl and LP2 but lacks the 
nCsSSiVc rcgUiStory clciuvnt. Rcconibinani CAT LFl aSsu 
gave some CAT activity, and levels obtained were 11.4% of 
those with the CAT SE227 recombinant, whereas the in vitro 
analysis of LPl RNA gave negligible cleavage. The recom- 
binant containing LPlmut sequences gave CAT activity 
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TABLE 1. CAT activities obtained with the HPV-16/CAT 
plasmid senes" 

CAT levels 



Plasmid 





1 


2 


3 


4 


Mean 


% 
Sc227 


CAT PP1775 


0.2 


3.6 


0.5 


0.3 


1.1 


0.6 


CAT PPl775dcl 


0.1 


0.7 


0.6 


0.2 


0.4 


0.2 


CAT PE445 


0.6 


0.3 


1.2 


1.2 


0.8 


0.4 


CAT PE445del 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


CAT SE227 


132.2 


216.4 


132.8 


254,1 


188.9 


100.0 


CAT SE227del 


9.0 


2.3 


5.1 


4.1 


5.1 


2.7 


CAT LPl 


12.2 


36.5 


29.8 


7.4 


21.5 


11.4 


CATLP2 


172.2 


168.4 


182.3 


252.7 


193.9 


102.6 


CAT LPlmut 


177.1 


108.6 


159.9 


166.0 


152.9 


80.9 


pLWl 


0,1 


0.0 


0.0 


0.0 


0.0 


0.0 


pTER5 


481.4 


566.7 


107.4 


135.6 


326.8 


173.0 


HeLa 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 



" Procedures were carried oui as described in the legend to Fig. 4, except 
that CAT assays were performed by the method of Seed and Sheen (25). 
Assays of four independent experiments arc shown, and values for each 
experiment are expressed as plcomolcs of chloramphenicol acylaied per 
microgram of protein per hour. Mean values were used to indicate percent 
CAT levels rdatfve to that of CAT SE227. The positive control pjasmid 
pTER5 is essentially pLWl with the HS V-2 IE S mRNA 3' processing signal 
inserted downstream of the CAT gene (16). 



similar lo thai observed with recombinants CAT LP2 and 
CAT SE227, and levels were approximately eightfold greater 
than those of CAT LPl. These data confirm that LP2 
functions in vivo and indicate that alteration of three nucle- 
otides in the LPl downstream GCJ-rich element makes this a 
much more efficient po]y(A) site in vivo. 

Negative regulatory elements not associated with any alter- 
aUon In RNA 3' processing. To investigate the effects of the 
negative regulatory element on RNA 3' processing, we 
compared levels of 3' processing in vitro by using precursor 
RNAs containing (PE445) or lacking (SE227) the negative 
regulatory sequences. Both RNAs are efficiently cleaved and 
polyadenylatcd at the LP2 site (Fig. 3C). The corresponding 
RNAs containing HPV-16del sequences both failed to give 
detectable cleavage in 3' dATP reactions, although some end 
polyadenylation of precursor RNA was detected by using 
ATP. These data indicate that the negative regulatory ele* 
ment does not alter the ability to process RNA in vitro. 

Our studies both in vitro and in vivo indicate that by using 
HeLa cells, LP2 functions efficiently as a late HPV-16 
mRNA 3' processing site. This su^sts that the restriction 
in late*gcne expression, observed in HeLa cells and other 
nondifferentiated epithelial cells, is unlikely to be due to the 
inability to process at a late poly(A) site. In contrast, LPl 
functions inefficiently due to a poorly functional downstream 
GU-rich clement; the LP3 sigrial does not function, perhaps 
for the same reason as LPl. This highlights the importance 
of the downstream GU-rich element in the functioning of 
HPV-16 late poly(A) sites. The GU-rich element of LPl 
differs from the YGUGUUYY consensus sequence dc- 
5«bcd'by McLauchlHn et al. (16) a! positions six and seven; 
replacement of the last three nucleotides of this element with 
those of the LP2 GU-rich element converts LPl to an 
efficient processing site. A similar result was obtained by 
Ryner al. (23), who replaced the whole downstream 
sequenwjs ftcm a n<?> functional poi)^A) site located wiLKin 
tbecdditig regioA oi tne simian virus 40 iaige T antigen with 
thosev^m .^simian virus 40 late poly(A) site, thus 
gi=r.eraMh^.e fUhctschd^^l^^ site. McDcvstt ct aS. (15) 
mutatieid the' GlJ*ric1i element of the simian virus 40 early 
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poly(A) site and Identified certain positions crucial for effi- 
cient functioning in vivo; an A residue, also present in the 
LPl GU-rich sequence (UGUGUAAC), was particularly 
unfavorable. 

The reason for HPV-16 having two apparently nonfunc- 
tional poty(A) signals downstream of the late genes is 
unclear. One interesting possibUity relates to the differential 
use of mRNA 3' processing signals in particular ceil types. 
Differentiated keratinocytes are the only cells known to 
express papillomavirus late genes, and these cells could 
utilize 3' processing sites which are nonfunctional in other 
cell types. Since alteration of three nucleotides in the down- 
stream GU-rich element greatly increases the efficiency of 
LPl, this suggests that any cell type specificity may reside in 
this 3' processing element, which does show sequence 
variability, rather than in the relatively invariant AAUAAA 
sequence. In some other systems in which alternative poly- 
adenylation sites are utilized, alternative splicing pathways 
also are observed (1, 7, 13). 

Our transfection studies indicate the presence of a nega- 
tive regulatory element located immediately upstream of the 
late mRNA polyadenylation signals. In vitro polyadenyla- 
tion analysis indicates that this element does not alter 
mRNA 3' processing. Studies in which an in vitro mRNA 
decay assay was used indicate that the negative element 
probably acts as an mRNA instability sequence (L M. 
Kennedy, J. K. Haddow, and L B. Clements, unpublished 
data). The high AU content and position of the negative 
element within the 3' untranslated region are consistent with 
instability elements found in other mRNAs (5, 10, 11, 20, 
27). 
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Production of the human papillomavirus (HPV) late gene products LI and L2 is limited to terminally 
differentiated keratinocytes. Here, we demonstrate that mRNA encoding the HPV- 16 LI capsid protein con- 
tains cu-acting RNA elements that inhibit expression at the posttranscriptional level. While cytoplasmic LI 
mRNA is detectable in transfected HeLa cells, H protein is not produced. We have identified at least one m^or 
inhibitory element that is located within the LI open reading frame, whereas another negative element had 
been reported to lie in the 3'-untranslated region of LI. The presence of these elements may explain the lack 
of HPV late gene expression in undifferentiated epithelial cells. Efficient production of HPV-16 LI could be 
achieved with posttranscriptional regulatory elements of human immunodeficiency virus type 1 or simian 
retrovirus type 1. LI protein was expressed in the presence of human immunodeficiency virus type 1 Rev from 
hybrid mRNAs containing the RNA binding site for Rev (Rev-responsive element). In addition, we have 
achieved efficient expression of LI from hybrid mRNAs containing a ct^-acting transactivation element from 
simian retrovirus type 1. Our data show that HPV-16 LI protein production is regulated posttranscriptionally. 
This regulated expression may allow virus production In terminally differentiated epithelial cells and is 
probably a conserved and important mechanism for HPV expression. 



Human papillomaviruses (HPVs) are nonenveloped, dou- 
ble-stranded circular DNA viruses, which infect human epithe- 
lia and mucosa in a tissue-specific manner (41). The HPV 
genome is approximately 8,000 bp and consists of early and late 
genes as well as a noncoding region (NCR) (Fig. 1). Early 
genes encode proteins involved in viral replication, transfor- 
mation, and transcriptional regulation, while late genes encode 
the viral capsid proteins LI and L2 (64). The NCR contains 
cw-acting transcriptional and replicative elements in addition 
to elements that respond to keratinocyte-specific factors. The 
most frequently found cancer-associated HPV type is HPV-16, 
which is present in approximately 60% of cervical cancers (77). 
At present, HPVs are linked to up to 10% of the worldwide 
cancer burden, mainly because of their involvement in ano- 
genital cancers (77). Cervical carcinoma biopsies isolated from 
the majority of cervical cancer patients contain HPV DNA. 
Because of the clinical importance and the risk of malignant 
progression of lesions induced by HPV-16, a better under- 
standing of the molecular mechanisms that regulate the life 
cycle of HPV-16 is of particular importance. 

The mechanisms which control HPV late gene expression 
are still not fully elucidated. Studies of the interaction of HPV 
with host cells and on the control of HPV late gene expression 
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are hampered by the lack of an in vitro cell culture system for 
efficient propagation of virus. Analyses of basal cells in HPV- 
infected squamous epithelium have shown that HPV DNA is 
present at low copy numbers in these cells and that only early 
HPV genes are expressed (55). Concurrent with cell differen- 
tiation and migration of cells to suprabasal layers, HPV DNA 
copy number increases and expression of late genes is acti- 
vated. In the differentiated cells, the HPV late proteins LI and 
L2 are produced and virions are detected. The intimate asso- 
ciation between HPV late gene expression and epithelial cell 
differentiation is likely to be regulated by cis-acting sequences 
on the viral genome or viral mRNAs and by transacting viral or 
cellular factors produced in infected cells. Studies of these 
regulatory mechanisms may provide valuable information for 
development of an efficient in vitro cell culture system for 
HPVs. 

In situ hybridization studies of sections of HPV-33-infected 
tissue from a cervical condyloma accuminata (7) or from HPV- 
11-infected human xenografts in nude mice (71) revealed that 
LI and L2 mRNAs produced in the middle layers of the in- 
fected epithelium were restricted to the nucleus, while high 
levels of LI and L2 mRNAs were present in the cytoplasm in 
the superficial layers with differentiated cells. These observa- 
tions suggested to us that expression of HPV late genes could 
be under posttranscriptional control. Expression of late genes 
of several retroviruses, such as human immunodeficiency virus 
type 1 (HIV-1), simian retrovirus type 1 (SRV-1), and Mason- 
Pfizer monkey virus, is posttranscriptionally regulated and has 
been well studied (9, 16, 17, 26, 33, 59, 61, 73, 76). Production 
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upregulation of positive factors antagonizing the negative ele- 
ments or downregulation or inactivation of a cellular factor(s) 
presumably interacting with viral inhibitory sequences. This 
would allow HPV-16 late gene expression and production of 
virions. 

MATERIALS AND METHODS 



Early genes Late genes 

FIG. 1. Schematic representation of the genomic organization of HPV-16. 
Open boxes represent ORFs coding for early proteins El to E7, stippled boxes 
indicate ORFs coding for late proteins LI and L2, and the solid box indicates the 
NCR. The nucleotide positions of the LI translational start and stop codons and 
the major late poly(A) signal LP2 are indicated (43, 60). Numbers refer to 
nucleotide positions in the HPV-16 genomic clone pHPV16 (68). 



of the retrovirus structural proteins Gag, Pol, and Env is reg- 
ulated by positive and negative cis- and fra/w-acting factors. 
Here, we have used positive regulatory elements from HFV-l 
and SRV-1 to investigate if the presence of these elements on 
HPV-16 late mRNAs could induce production of LI capsid 
protein in human epithelial cells. 

HIV-1, the etiologic agent of AIDS, is the prototype of the 
complex retroviruses (16, 26, 59). These viruses are character- 
ized by the presence on their genomes of several short open 
reading frames (ORFs) coding for regulatory and accessory 
proteins. Two of these proteins. Tat and Rev, are regulators of 
gene expression and are essential for viral replication (16, 17, 
26, 33, 59, 61, 73). Tat is a transcriptional transactivator, while 
Rev acts posttranscriptionally to induce expression of HIV-1 
late genes. The Rev protein binds to an RNA sequence termed 
the Rev-responsive element (RRE) (1, 3, 4, 15, 20, 21, 24, 34, 
37-40, 47, 53, 58, 70) that is present on late viral mRNAs 
coding for the structural proteins Gag, Pol, and Env. Rev 
overcomes the effect of inhibitory RNA sequences present on 
these mRNAs (10, 14, 51, 57, 62, 65, 67) and acts by promoting 
nuclear export of RRE-containing mRNAs (24, 25, 35, 53) and 
by increasing their stability (25, 67) and translatability (2, 18, 
48). Therefore, Rev acts as a switch between early and late 
phases of viral gene expression in the HIV-1 life cycle. 

Mason-Pfizer monkey virus and SRV-1 are type D retrovi- 
ruses causing persistent infections in macaque monkeys (30). It 
has recently been shown that a ci^-acting transactivation ele- 
ment (CTE) present on Mason-Pfizer monkey virus and 
SRV-1 mRNAs can substitute for the Rev-RRE regulatory 
system (9, 76), suggesting that factors similar in function to 
HIV-1 Rev are present in eucaryotic cells. 

In the present study, we show that the HPV-16 LI coding 
region contains inhibitory sequences that act posttranscription- 
ally to repress production of LI capsid protein in the human 
epithelial cell line HeLa. Production of HPV-16 LI protein 
could be induced from hybrid mRNAs containing the HIV-1 
RRE in the presence of the HIV-1 Rev protein. Similarly, 
hybrid mRNAs containing the SRV-1 CTE expressed LI pro- 
tein efficiently. We also show that inhibition exerted by a pre- 
viously identified negative element in the HPV-16 late 3' un- 
translated region (UTR) [44] could be overcome by HIV-1 
Rev and RRE or the SRV-1 CTE. Taken together, these re- 
sults indicate that expression of HPV-16 late genes in nonke- 
ratinized epithelial cells is likely to be regulated by the inter- 
action of cellular factors with sequences present on viral late 
mRNAs. The results presented here favor a model for activa- 
tion of HPV-16 late gene expression in infected squamous 
epithelium undergoing differentiation, which predicts either 



Plasmid constructions. The complete HPV-16 LI gene was PGR amplified 
from a previously described molecularly cloned HPV-16 genome (68) and was 
inserted into £coRV-digested pBluescript, generating pT7-16Ll. The HPV-16 
LI gene was transferred as a BssHll-Asp7\S fragment into BssHll-AspllS- 
digested pNL17R (67), generating pl6Ll. pl6LlRRE was generated by insertion 
of a 330-bp RRE-containing fragment (70) into y4jrp718-digested, calf intestinal 
alkaline phosphatase (CIAP)-treated pl6LL To generate pl6LlCTE, the SRV-1 
CTE-containing sequence was first PGR amplified from plasmid pS12 (76) with 
the oligonucleotides 12745 (S^GCATC AACGCGTCTCGACGGATCCA GAC 
CACCTCCCCTGCGAG-3') and 13827 (5'-GCATC AGCGGCCGCCTCGAG 
TCTAGA CAAATCCCrCGGAAGCrGCG-3^;t and cloned into £coRV-di- 
gested pBluescript. Restriction sites introduced in oligonucleotides are under- 
lined. The SRV-1 CTE was excised with Xhol^ treated with a large fragment of 
Klenow DNA polymerase, and inserted into pl6Ll digested with Aspl IS and 
treated with Klenow and CIAP. These cloning steps resulted in plasmid 
pl6LlCTE. To generate pl6LlUTRRE, pl6Ll was digested with EcoRl, treated 
with CIAP, and Hgated to an EcoRl fragment, containing HPV-16 sequences 
from nucleotide (nt) 6818 to nt 7453 and the HIV-1 RRE inserted at position 
7282. 

To construct pNLCATW, the chloramphenicol acet^transferase (CAT) gene 
was PCR amplified with the oligonucleotides CATS (5'-GCTAAGGAAGCTA 
AAATGGAG-3') and CATA (5'-CTATTAGGCCCCGCCCTGCCACrC-3') 
and subsequently cloned blunt ended into pNL17R (67), digested with Sail and 
AspllS, and treated with CIAP and Klenow DNA polymerase. This resulted in 
plasmid pNLCATW. pNLCATW was digested with AspllS, followed by CIAP 
treatment and filling in of the 5' overhang, and was used as a vector in the cloning 
steps described below. To construct CAT expression plasmids containing the 
complete HPV-16 LI gene, the LI coding sequence was PCR amplified and 
inserted into Afp718-digested pNLCATW. This generated pCATLlS and 
pCATLlA, containing the LI gene in sense and antisense orientations, respec- 
tively. To generate derivatives of pCATLlS containing deletions in the LI gene, 
various portions of the HPV-16 LI gene were excised from pT7-16Ll (described 
above) with BssHU in combination with EcoNl, Pstl, B^rXI, and BamHl, 
filled in or trimmed, and cloned into Asp718-restricted pNLCATW, result- 
ing in pCATLlAE, pCATLlAP, pCATLlAB, and pCATLlABS, respectively. 
pCATLlSS was constructed by direct cloning of the Sspl fragment (nt 5813 to 
6551) of the LI gene into Afp718-digested pNLCATW. pCAT-209 and pCAT- 
347 were generated by insertion of PCR fragments of the HPV-16 LI gene, 
amplified with the oligonucleotides LIST ART and 16A (5'-CGGATCCGTAT 
TGTAATCCrGATACTTTAGGAAC-3') or 16B (5'-CGGATCCGCCCACAC 
CTAATGGCTGACCACG-3'), respectively, into A9p718-digested pNLCATW. 
To generate derivatives of pCATLlS containing deletions in the 5' end of the LI 
gene, portions of HPV-16 LI were PCR amplified with oligonucleotide LI STOP 
in combination with oligonucleotide 16-711 (5'-TTGGATCCGGTGTCAGA 
ACCATATGGCGACAGC-30 or 16C (5'-CGGATCCCACAATAATGGCAT 
TTGTTGGGG-3') and cloned into /ljp718-digested pNLCATW, resulting in 
pCAT-804 and pCAT-565, respectively. 

To construct pCH16pA, an EcoRl fragment containing the HPV-16 late 3' 
UTR (nt 6818 to 7453) and late poly(A) signal was cloned into fcoRI -digested, 
CIAP-treated pBluescript. Uracil -containing single-stranded DNA was prepared 
as described previously (50) and used as the substrate for site-specific, oligonu- 
cleotide-directed mutagenesis to introduce a unique Hpal site at nt 7282. The 
EcoRl fragment containing the mutated HPV-16 sequence was inserted into 
£coRI -digested, CIAP-treated pCM1234, which contains a mutated HIV-1 
pl7s<« gene, pl7M1234 (65). This resulted in plasmid pCH16pA, in which the 
HPV-16 3' UTR is located immediately downstream of pl7M1234. pl7M1234 
contains multiple point mutations which altered the RNA sequence but main- 
tained the original primary protein sequence of pl*^** (65, 67). This resulted in 
high plT^*^ production independently of Rev (65, 67). pl7M1234 is used as a 
reporter gene and is under control of the human cytomegalovirus (CMV) im- 
mediate early promoter (nt -671 to +74) (8). The HPV-16 late poly(A) signal 
LP2, located at nt 7319, has been shown to be efficiently utilized both in vitro and 
in vivo (43, 60) (Fig. 1 and 7). pCH16ApA was generated by digestion of 
pCH16pA with Ecom (nt 6858) and Hpal (nt 7282) and filling in of the 5' 
overhang, followed by religation. pCH16RRE was generated by insertion of a 
330-bp fragment spanning the HIV-1 RRE (70) into //pa I -digested, CIAP- 
treated pCH16pA. To construct pCH16CS and pCH16CA, the SRV-1 CTE was 
PCR amplified from plasmid pS12 with oligonucleotides 12745 and 13827 (76) 
and subsequently cloned into //pal-digested, CIAP-treated pCH16pA, generat- 
ing plasmids pCH16CS and pCH16CA, which contain the SRV-1 CTE in the 
sense and antisense orientations, respectively. pCM1234pA was constructed by 
insertion into an £coR I -digested, CIAP-treated pCM1234 plasmid of an EcoR\ 
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fragment containing the simian virus 40 (SV40) early poly(A) signal To con- 
struct pT7-16pA and pT7-16ApA, sequences containing pl7M1234 together with 
the HPV-16 3' UTR or its truncated form were excised with Sail and EcoRl from 
pCH16pA and pCH16ApA and cloned into pBluescript> resulting in plasmids 
pT7-16pA and pT7-16ApA, respectively. 

Plasmid pCSlX was constructed by cloning of a DNA fragment (nt 7016 to 
7525; numbers refer to the genomic HPV-1 sequence [19]) containing the HPV-1 
late poly(A) signals into pHCMVSEAP (5) digested with Hpal and EcoRl 
These cloning steps replaced the insulin poly(A)-containing sequence with the 
HPV-1 sequence. The Rev-producing plasmids pNL1.4A.7 (66) and pLsRev 
(54), the SRV-1 CTE-containing plasmid pS12(BamHI-^I) (76), and the 
HIV-1 gag plasmid pNLvgagSty330 (70) have been described before. 

Cells and transfections. HeLa cells or HLtat cells (66) were grown in Dul- 
becco's modified Eagle's medium supplemented with 10% fetal calf serum. 
Transfections were performed as follows: 0.3 X 10^ cells were plated onto 60-mm 
culture dishes 1 day before transfection. Transfections were carried out accord- 
ing to the calcium phosphate coprecipitation technique (32). The amount of 
plasmid used for transfection was adjusted with pBluescript DNA to 15 p.g in 0.5 
ml of precipitate for 60-mm-diameter dishes or 30 \Lg in 1 ml of precipitate for 
100-mm-diameter dishes. Transfected cells were washed twice with phosphate- 
buffered saline (PBS) 6 h posttransfection and refed with fresh Dulbecco's 
modified Eagle's medium containing 10% fetal calf serum (PCS) and cultured 
overnight. Cells were harvested 24 h posttransfection. All plasmid DNAs used 
for transfection were purified on Qiagen columns (Diagen). One microgram of 
pCMVCAT, producing CAT enzyme, or pCSlX, producing secreted placental 
alkaline phosphatase (SEAP), was included as an internal control for transfec- 
tion efficiency. Radioactive CAT assays were carried out by the method de- 
scribed by Gorman et al. (31). Production of CAT protein was quantitated with 
a CAT antigen capture enzyme-linked immunosorbent assay (ELISA; Boehr- 
inger Mannheim GmbH). To quantitate SEAP produced from the transfected 
cells, medium was collected and subjected to centrifugation at 13,000 X ^ for 2 
min. The supematants were incubated at 65''C for 15 min and then cooled to 
room temperature and incubated with alkaline phosphatase reagent (Sigma 
Diagnostics) for kinetic determination of alkaline phosphatase activity according 
to the manufacturer's recommendation. 

Cells transfected with plasmid pT7-16pA, pT7-16ApA or pT7-16Ll were first 
infected with recombinant vaccinia virus vTF7-3 expressing T7 RNA polymerase 
(27, 28). One hour postinfection, cells were transfected by the calcium phosphate 
precipitation technique. 

Western blot (immunoblot) analysis. Cells were lysed in 500 ^.1 of lysis buffer 
(0J% Triton X-100, 100 mM Tris-HQ [pH 7.5]), and lysates were cleared of 
insoluble material by centrifugation at 13,000 x g for 15 min. Forty-microliter 
aliquots of cell extracts were loaded on sodium dodecyl sulfate (SDS)-12% 
polyacrylamide gels. After electrophoresis, proteins were transferred onto nitro- 
cellulose membranes by electroblotting in transfer buffer (25 mM Tris, 190 mM 
glycine, 20% methanol) at constant current (250 mA) for 12 to 16 h. Membranes 
were blocked for 1 h at 3T'C with 10% nonfat milk in PBS containing 0.3% 
Tween 20 (PBS-T). After three washings in PBS-T buffer, the blots were incu- 
bated for 1 h at 3rC with serum. To detect HIV-1 pll^« or HPV-16 LI, 
HIV-1 -positive patient serum or rabbit anti-HPV-16 LI peptide serum (22) was 
used as the primary antibody, respectively, followed by incubation with horse- 
radish peroxidase-conjugated anti-human or anti-rabbit immunoglobulin. Spe- 
cific proteins were visualized with the enhanced chemiluminescence detection 
system (Amersham). 

Radioimmunoprecipitation assay. Transfected cells were washed twice with 
prewarmed PBS 24 h posttransfection and then washed twice with methionine- 
free ix Eagle's minimum essential medium. The cells were starved for 30 min at 
3T*C in 1.0 ml of Met-free medium containing 0.5% PCS, followed by metabolic 
labeling for 1 h with 200 p,Ci of p^SjMet (Amersham). The cells were washed 
with cold PBS and harvested in 600 p,l of ice-cold 0.5x radioimmunoprecipita- 
tion assay (RIPA) buffer (25 mM Tris-Q [pH 7.4], 75 mM NaCI, 0.5% Triton 
X-100, 0.5% sodium deoxycholate, 0.05% SDS). After three freeze-thawings, cell 
debris was removed by centrifugation at 15,000 X g at 4X for 15 min. The 
supematants were mbced with preimmune rabbit serum and incubated at 4X for 

1 h, followed by addition of protein A-Sepharose (Pharmacia) suspension and 
incubation at 4X for 30 min. Samples were centrifuged, and supematants from 
each sample were collected and aliquoted into two Eppendorf tubes, to which 
either normal rabbit serum or rabbit anti-HPV-16 LI peptide semm (22) was 
added. Incubation was kept at 4°C for 12 to 16 h with gentle rocking. Protein 
A-Sepharose was added, and samples were incubated for 3 h at 4'*C. After 
centrifugation, the Sepharose beads were washed three times in 1 x RIPA buffer 
and resuspended in 5X SDS-loading buffer (625 mM Tris [pH 6.8], 6.25% SDS, 
50% glycerol, 20% 2-mercaptoethanol), boiled, and loaded on SDS-10% poly- 
acrylamide gels under reducing conditions. Immunoprecipitated proteins were 
visualized by autoradiography (Kodak XAR film) at -70''C. 

Cell fractionation and extraction of poly(A)''' mRNA. Nuclear and cytoplasmic 
poly(A)"*^ mRNA was isolated with Dynabeads oligo(dT)25 (Dynal A.S.). Twen- 
ty-four hours posttransfection, cells from 100-mm-diameter dishes were washed 
twice with ice-cold PBS, followed by lysis in 500 \l\ of lysis buffer D (10 mM 
Tris-HQ [pH 7.5], 0.14 M NaO, 5 mM KQ, 1% Nonidet P-40). Nuclear and 
cytoplasmic fractions were separated by low-speed centrifugation at 8,000 X g for 

2 min. To extract cytoplasmic mRNA, supematants were mixed with an equal 



volume of 2x binding buffer (20 mM Tris-HQ [pH 7.5], 1.0 M LiQ, 2 mM 
EDTA, 0.5% SDS) containing 400 jtg of Dynabeads oligo(dT)25. Hybridization 
was carried out at room temperature for 3 to 5 min, followed by washing of 
Dynabeads oligo(dT)25 three times with 500 p,l of washing buffer (10 mM Tris- 
HQ [pH 7.5], 0.15 M LiQ, 2 mM EDTA). The poly(A)"' mRNAs were eluted 
with 150 \x.\ of elution buffer (2 mM EDTA [pH 7.5]) at 65**C for 5 min and stored 
at -70''C until use. Nuclear fractions were washed once with lysis buffer D, and 
the pellets were resuspended in lysis buffer D without Nonidet P-40. An equal 
volume of lysis buffer D containing 1% SDS was added, and the samples were 
incubated on ice for 10 min, followed by freezing on dry ice. The samples were 
thawed at room temperature and centrifuged for 2 min at 8,000 X g. Supema- 
tants were used for extraction of nuclear poly(A)* mRNA with Dynabeads 
oligo(dT)25 as described above. 

RT-PCR- Twenty microliters of poly(A)'^ mRNA or dilutions thereof were 
reverse transcribed at 42'*C for 1 h in a total volume of 30 jjlI, containing 4 U of 
avian myeloblastosis virus reverse transcriptase (RT; Promega); 19 U of RNA 
guard (Pharmacia); 0.2 mM (each) dATP, dCTP, dGTP, and dTTP; 4 mM 
MgQz; 10 mM Tris-HCl (pH 8.3); 50 mM KQ; and 50 jLg of random hexamer 
oligonucleotides per ml (Pharmacia). A reaction without RT was performed in 
parallel and served as a control for the absence of plasmid DNA contamination. 
Five microliters of the cDNA product was PCR amplified in a lOO-jil reaction 
volume with oligonucleotides 4704 (5'-GCCTGTTAGAAACATCAGAAGGC- 
3') and 5912 (5'-CTAGTAATTTTGGCTGACCTG-3') detecting cDNA of 
plT?"* or p55^« mRNA; oligonucleotides 16G (5'-CGATATCCCAGATACAC 
AGCGGCTGGTTTG-3') and 16M (5'-CGGATCCCACAATrGTGTTTGT 
TTGTAATCC-3'), detecting cDNA of LI mRNA; ACTINS (5'-TGAGCTGCG 
TGTGGCrCC-3') and ACTINA (5'-GGCATGGGGGAGGGCATACC-3'), 
specifically amplifying cDNA of spliced actin mRNA; or ACTINS-1 (5'-CCAGT 
GGCrTCCCCAGTG-3') and ACTINA detecting cDNA of unspliced actin 
mRNA. To detect cDNA of CAT mRNA produced from the CAT expression 
plasmid used as an intemal control for transfection efficiency, oligonucleotides 
CATS-2 (5'-CGTCrCAGCCAATCCCrGGGTG-3') and CATA (S'-CTATT 
AGGCCCCGCCCrGCCACTC-3') were used. Oligonucleotides were purchased 
from Scandinavian Gene Synthesis. 

' A 250-bp pl*^ fragment was PCR amplified by oligonucleotides 4704 and 5912, 
a 199-bp product was amplified by 16G and 16M, a 247-bp product was ampli- 
fied by ACTINS and ACTINA a 203-bp product was amplified by ACTINS-1 
and ACTINA and a 229-bp fragment was amplified by CATS-2 and CATA 
Oligonucleotides 5912, 16 M, ACTINA, and CATA were end labeled with 
[7-'"P]ATP prior to use. PCR amplification was performed in a total volume of 
100 pJ with 2 U of Tag DNA polymerase (Perkin-Ebner Cetus) for 20 to 25 cycles 
at 94^ for 45 s, 55°C for 45 s, and 72^ for 45 s with a final extension at 72X 
for 10 min. Ten microliters of each RT-PCR mixture was analyzed by electro- 
phoresis on 6% polyacrylamide gels with or without urea. The gels were dried 
and exposed to X-ray film at -70*'C 

Northern RNA blotting. At day 2 posttransfection, cytoplasmic RNA was 
extracted from duplicate plates (18) and Northern blots were prepared as de- 
scribed previously (34). The LI mRNAs were detected with a probe spanning nt 
8304 to 9008 of the HIV-1 molecular clone HXB2. Subsequently, the same blots 
were probed with a 2-kb Hindlll fragment of p2000 plasmid (12) to detect 
p-actin mRNAs. 

RESULTS 

Efficient production of the HFY-16 LI protein with a vac- 
cinia vinis-T7 RNA polymerase-based expression system. The 
HPV-16 genome can be divided into early and late regions 
(Fig. 1). Expression of HPV-16 late genes (LI and L2) is 
restricted to terminally differentiated epithelial cells in genital 
mucosa. To study expression of HPV-16 LI protein in nonke- 
ratinized cells, we introduced HPV-16 LI gene expression vec- 
tors into HeLa cells, a human epithelial cell line that resembles 
cells in the basal layer of stratified epithelium. Two types of 
expression systems were employed: a vaccinia virus-T7 RNA 
polymerase-based expression system (27, 28), which allows 
transcription of the gene of interest in the cytoplasm, and 
eucaryotic expression plasmids containing promoters which 
depend on nuclear transcription factors. Since it has been 
demonstrated that an inhibitory element is present in the 
HPV-16 late 3' UTR (44), the HPV-16 late 3' UTR was ex- 
cluded from the plasmids shown in Fig. 2A. 

To circumvent nuclear regulatory mechanisms of gene ex- 
pression, the vaccinia virus-T7 RNA polymerase-based expres- 
sion system (27, 28) was utilized. The HPV-16 LI gene was 
cloned downstream of the bacteriophage T7 promoter, gener- 
ating plasmid pT716Ll (Fig. 2A). Infection of HeLa cells with 
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FIG. 2. HIV-l Rev and RRE activate production of HPV-16 LI protein. (A) Schematic structures of the HPV-16 LI expression plasmids. The small open box at 
the top represents the bacteriophage T7 promoter, and the bent arrow indicates the direction of transcription driven by the T7 promoter. Large open boxes indicate 
HPV-16 sequences or the HIV-l RRE as indicated. Numbers indicate nucleotide positions on the genomic HPV-16 clone (68). Light stippled boxes represent the HIV-l 
LTR. The names of the ptasmids are indicated on the left. (B) Western blot analysis of the HPV-16 LI protein. HeLa cells were first infected with recombinant vaccinia 
virus vTF7-3 (27, 28) and then were transfected with pT7-16Ll. Cells were harvested 24 h posttransfection, and proteins were separated on SDS-12% polyacryl amide 
gels and electrophoretically transferred to nitrocellulose membranes. The LI protein was detected with a rabbit anti -HPV-16 LI peptide antiserum (22), followed by 
incubation with horseradish peroxidase-conjugated anti-human immunoglobulin G antiserum. The LI protein was visualized with enhanced chemiluminescence 
detection reagents. The position of the LI protein is indicated on the right. MW, molecular mass markers (in kilodaltons). (C) Radioimmunoprecipitation of HPV-16 
LI protein. HLtat cells were transfected with pl6Ll or pl6LlRRE in the absence or presence of Rev. Twenty-four hours posttransfection, cells were labeled with 
[^^S] methionine for 1 h. Immunoprecipitation was performed with either rabbit preimmune serum or rabbit anti-HPV-16 LI peptide antiserum (22). Proteins were 
separated on SDS-12% polyacrylamide gels and visualized by autoradiography. P, rabbit preimmune serum; L, rabbit anti-HPV-16 LI peptide antiserum. The position 
of the p55 LI protein is indicated on the right. (D) Northern blot analysis of cytoplasmic RNA from HLtat cells, transiently transfected with the indicated plasmids 
in the presence or absence of an HIV-l Rev expression plasmid, pLsRev, The positions of the rRNAs are indicated. (E) Analysis of subcellular distribution of HPV-16 
LI mRNAs. Nuclear and cytoplasmic poly(A)'^ mRNAs were isolated from cells transfected with pl6Ll or from cells transfected with pl6LlRRE in the presence of 
Rev and were subsequently reverse transcribed and PGR amplified with oligonucleotides end labeled with [7--'^P]ATP. The PGR products were analyzed on 6% 
polyacrylamide gels, followed by autoradiography. The upper left panel shows PGR amplification of cDNA synthesized from serially fourfold-diluted nuclear poly(A)"^ 
mRNAs isolated from cells transfected with pl6Ll in the absence of HIV-l Rev or from cells transfected with pl6LlRRE in the presence of HIV-l Rev. The positions 
of the amplified DNA fragments are indicated on the left. The upjjer right panel shows PGR amplification of cDNA from spliced or unspliced actin mRNA in the 
nuclear fraction of transfected cells to control for cell fractionation. The number of cycles used for PGR amplification of cDNA was adjusted to detect cDNA in the 
linear range of the assay. The lower left panel shows PGR amplification of cDNA synthesized from serially fourfold-diluted cytoplasmic poly(A)"^ mRNA isolated from 
cells transfected with pl6Ll in the absence of HIV-l Rev or from cells transfected with pl6LlRRE in the presence of HIV-l Rev. The lower right panel shows PGR 
amplification of cDNA from spliced and unspliced actin mRNAs in the cytoplasmic fraction of transfected cells. (F) RT-PCR analysis of cytoplasmic poly(A)"*^ mRNAs. 
Serial fourfold dilutions of mRNA samples from cells transfected with pNLvgagSty330 (70) in the absence or presence of Rev were performed, and cDNAs were 
generated from each dilution. PGR was performed with oligonucleotides specific for the HIV-l p55*"* mRNA produced by pNLvgagSty330 (left panel) or with 
oligonucleotides specific for spliced actin mRNA as a control for RNA levels (right panel). The positions of PGR products are indicated on the left. 
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the recombinant vaccinia virus vTF7-3 (27, 28), producing bac- 
teriophage T7 RNA polymerase, is a prerequisite for expres- 
sion of the LI gene. The virally produced T7 RNA polymerase 
localizes to the cytoplasm and specifically recognizes the bac- 
teriophage T7 promoter (27, 28). Since T7 RNA polymerase 
produced by vTF7-3 is a large protein lacking a nuclear local- 
ization signal, it does not enter the nucleus (23). Therefore, 
transcription directed by the T7 RNA polymerase takes place 
primarily in the cytoplasm. Figure 2B shows that transfection 
of pT7-16Ll into HeLa cells infected with recombinant vac- 
cinia virus vTF7-3 gave rise to high levels of the HPV-16 LI 
protein, as determined by Western blots with an HPV-16 Ll- 
specific antipeptide antiserum (22). 

Lack of LI protein production with eucaryotic expression 
vectors. Expression of HPV-16 LI protein was also examined 
with plasmids in which the LI gene was under the control of a 
promoter that requires nuclear localization for function. We 
constructed plasmid pl6Ll, in which the HPV-16 LI gene 
coding sequence is under the control of the HIV-1 long ter- 
minal repeat (LTR) promoter (Fig. 2A). Plasmid pl6Ll was 
transfected into HLtat cells (66), a HeLa-derived cell line 
constitutively producing the HIV-1 Tat protein required for 
transcription from the HIV-1 LTR. We could not detect LI 
protein expression in HLtat cells transfected with pl6Ll by 
radioimmunoprecipitation with a rabbit anti-HPV-16 LI pep- 
tide antiserum (Fig. 2C) (22). In conclusion, high levels of 
HPV-16 LI protein were produced with the vaccinia virus-T7 
RNA polymerase-based expression system, while LI protein 
was undetectable in cells transfected with pl6Ll, which de- 
pends on nuclear factors. These observations suggested that 
inhibition of HPV-16 LI gene expression may involve nuclear 
events. 

HIV-1 Rev and RRE activate production of HPV-16 LI pro- 
tein. HIV-1 produces the posttranscriptional transactivator 
protein Rev, which binds to the RRE RNA site and is required 
for production of the HIV-1 structural proteins Gag, Pol, and 
Env. We wished to investigate whether the HIV-1 Rev protein 
could activate expression of HPV-16 LI. Therefore, a 330-nt 
fragment encompassing HIV-1 RRE was first introduced into 
plasmid pl6Ll, resulting in pl6LlRRE (Fig. 2A). This plasmid 
was transfected into HLtat cells in the absence or presence of 
HIV-1 Rev-producing plasmid pNL1.4A.7 (66). Results of ra- 
dioimmunoprecipitations showed that LI protein was detected 
only in the presence of HIV-1 Rev and RRE (Fig. 2C). A 
CAT-expressing plasmid, pCMVCAT, was included as an in- 
ternal control in each transfection experiment. The amount of 
CAT protein in each sample did not vary more than twofold 
among these transfections (data not shown). We concluded 
that HIV-1 Rev and RRE could activate expression of HPV-16 
LI in human HLtat cells of epithelial origin. 

LI mRNAs accumulate In the cytoplasm but are not effi- 
ciently translated. Since previous studies had established that 
HIV-1 Rev acts at least partially by promoting nuclear export 
of HIV-1 mRNAs (24, 25, 35, 53), thereby affecting subcellular 
distribution of RRE-containing mRNAs, we analyzed nuclear 
and cytoplasmic LI mRNA levels in the absence or presence of 
HIV-1 Rev and RRE. Northern blot analysis revealed that 
intact LI mRNA was readily detectable in the cytoplasmic 
fraction (Fig. 2D). The presence of Rev resulted in a small 
increase in mRNA produced from pl6LlRRE. To quantitate 
the levels of mRNA, we subjected poly(A)"^ mRNA to RT- 
PCR analysis. Nuclear and cytoplasmic poly(A)'^ mRNAs 
were extracted from HLtat cells transfected with pl6Ll in the 
absence of Rev or from HLtat cells transfected with 
pl6LlRRE in the presence of Rev. Serial fourfold dilutions of 
the mRNA samples were subjected to random primed cDNA 



synthesis followed by PGR with oligonucleotides specific for 
the HPV-16 LI sequence. Figure 2E revealed that high levels 
of HPV-16 LI mRNAs were present in the cytoplasm in the 
absence of Rev and RRE. An increase in cytoplasmic LI 
mRNA levels estimated to be less than fourfold was observed 
in the presence of Rev (Fig. 2E). Similarly, LI mRNA levels in 
the nucleus were also slightly increased in the presence of Rev 
(Fig. 2E). Levels of CAT protein produced from the internal 
control plasmid pCMVCAT were analyzed in the same trans- 
fections and varied less than twofold between the transfections 
(data not shown). 

It could be argued that HPV-16 LI mRNAs trapped in the 
nucleus leak out into the cytoplasm during cell fractionation. 
To control for the fractionation technique, we analyzed un- 
spliced and spliced actin mRNAs by RT-PCR. While spliced 
actin mRNA was found in both nuclear and cytoplasmic frac- 
tions, unspliced actin mRNA was primarily found in the nu- 
clear fraction (Fig. 2E), demonstrating that nuclei remained 
intact during fractionation. In parallel transfections, we ana- 
lyzed cytoplasmic HIV-1 gag mRNA levels produced from 
pNLvgagSty330 (25, 70) in the absence or presence of Rev. 
The results showed a big increase in cytoplasmic p55^^^ mRNA 
levels in the presence of Rev, while similar levels of cytoplas- 
mic actin mRNA were detected (Fig. 2F). This is in agreement 
with previous studies that established that the majority of the 
HIV-l gag mRNAs produced from this plasmid are retained in 
the nucleus in the absence of Rev (25). We concluded that 
inhibition of HPV-16 LI production was not caused exclusively 
by entrapment of LI mRNAs in the nucleus. Although Rev did 
increase the levels of LI mRNAs in the cytoplasm, the increase 
in LI protein levels appeared to be greater than that in LI 
mRNA levels, suggesting that Rev acted by also increasing 
translation of the HPV-16 LI mRNAs. 

It has been shown that the HPV-16 late 3' UTR contains 
sequences that inhibit gene expression (44). Since such se- 
quences are normally present on LI mRNAs, we wished to 
determine whether Rev and RRE could activate LI production 
from an LI mRNA also containing the HPV-16 late 3' UTR. 
Therefore, RRE was inserted into a plasmid containing the 
entire HPV-16 LI gene and 3' UTR sequence, resulting in 
plasmid pl6LlUTRRE (Fig. 3A). LI production from this 
plasmid in the absence or presence of Rev was assessed by 
radioimmunoprecipitation. Figure 3B shows that LI protein 
was produced from pl6LlUTRRE only in the presence of 
Rev. The levels of LI protein were similar between 
pl6LlUTRRE and pl6LlRRE in the presence of Rev (Fig. 
3B). These results demonstrated that Rev could also activate 
LI expression when the previously described inhibitory se- 
quences in the HPV-16 late 3' UTR (44) were present on the 
mRNAs. 

The SRV-1 CTE acts in cis to induce HPV-16 LI expression. 

It was recently reported that the 3' UTR of Mason-Pfizer 
monkey virus and SRV-1 contains an RNA sequence, CTE (9, 
76), which is able to substitute for HIV-1 Rev and RRE and 
render HIV-1 structural gene expression Rev independent. It 
is thought that cellular factors analogous to Rev interact with 
CTE. It was therefore of interest to test whether CTE could 
activate expression of HPV-16 LI protein. The SRV-1 CTE 
was inserted downstream of the LI gene in plasmid pl6Ll, 
generating plasmid pl6LlCTE (Fig. 3A). HLtat cells were 
transfected with i)16LlCTE and metabolically labeled with 
[^^S]methionine. Radioimmunoprecipitation showed that high 
levels of LI protein were produced from pl6LlCTE, demon- 
strating that the presence of the SRV-1 CTE in a sense orien- 
tation induced production of LI protein (Fig. 3B). Comparison 
of the HPV-16 LI protein levels induced by Rev and RRE or 
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FIG. 3. The presence of HIV-1 Rev in trans and RRE in cis or the SRV-1 CTE element in cis activates expression of the HPV-16 LI capsid protein. (A) Schematic 
structures of HPV-16 LI expression plasmids. Lightly shaded boxes indicate HIV-l LTRs. Open boxes indicate HPV-16 sequences (HIV-1 RRE or SRV-1 CTE) as 
indicated. The position of the translational stop codon at position 7154 is indicated. Numbers refer to nucleotide positions on the genomic HPV-16 clone (68). The 
small open triangle represents the major late poly(A) signal LP2 present in the HPV-16 3' UTR (43, 60). (B) Immunoprecipitation of the HPV-16 LI protein. HLtat 
cells were transfected with the various plasmids shown in panel A. Cell lysates were subjected to immunoprecipitation with rabbit preimmune serum or rabbit 
anti-HPV-16 LI peptide antiserum (22). Proteins were analyzed on SDS-12% polyacrylamide gels and visualized by autoradiography. The position of the HPV-16 LI 
protein is indicated on the right. P, rabbit preimmune serum; L, rabbit anti-HPV-16 LI peptide antiserum; MW, molecular mass marker (in kilodaltons). (C) SRV-1 
CTE increases the HPV-16 LI mRNA levels in the cytoplasm. HLtat cells were transfected with pl6Ll or pl6LlCTE. Cytoplasmic poly(A)^ mRNAs isolated from 
transfected cells were reverse transcribed and subjected to PCR amplification with oligonucleotides specific for HPV-16 LI mRNA. Oligonucleotides were end labeled 
with [7-^^P]ATP prior to PCR. The amplified products were analyzed on 6% polyacrylamide gels and examined by autoradiography. The left panel shows PCR 
amplification of cDNAs synthesized from serially fourfold -diluted cytoplasmic poly(A)"^ mRNA isolated from cells transfected with pl6Ll or pl6LlCrt. The positions 
of the PCR products are indicated on the left. The right panel shows RT-PCR analysis of spliced act in mRNA used to control for the amount of mRNA used for 
RT-PCR. 



by the CTE element revealed that LI levels produced in the 
presence of CTE were significantly higher than those produced 
in the presence of Rev and RRE (Fig. 3B). This was consis- 
tently observed in three independent experiments. Therefore, 
in these cells, CTE was a better activator of LI expression. 

We next analyzed mRNA levels produced in the absence or 
presence of the CTE element in cis. poly (A) mRNA was 
extracted from HLtat cells transfected with pl6Ll or 
pl6LlCTE. The mRNA samples were serially diluted and sub- 
jected to cDNA synthesis and PCR amplification. Figure 3C 
shows that the cytoplasmic poly(A)'^ mRNA levels produced 
from pl6LlCTE were four- to eightfold higher than those 
produced from pl6Ll. The amounts of CAT produced from 
the internal control plasmid pCMVCAT varied less than two- 
fold between the transfections (data not shown). Actin mRNA 
levels were similar in both RNA samples (Fig. 3C), demon- 
strating that equal amounts of poly(A)"^ mRNA were analyzed 
in RT-PCR. We concluded that the CTE element acted by 
increasing both cytoplasmic LI mRNA levels and LI protein 
levels similar to what was described above for Rev and RRE. 
The increase appeared to be greater at the protein level than 
at the mRNA level, indicating that CTE acts by increasing both 
cytoplasmic LI mRNA levels and mRNA translation. 

Identification of c£s-acting inhibitory sequences in the 
HPV-16 LI coding region. Since HPV-16 LI protein was pro- 
duced only in the presence of the CTE or Rev and RRE, these 
results suggested that either LI mRNAs lack cis-acting RNA 
sequences required for efficient mRNA processing and utiliza- 



tion or that inhibitory sequences are present in the HPV-16 LI 
coding sequence. To investigate if the LI sequence contains an 
inhibitory element, we asked whether the presence of the LI 
coding sequence downstream of the CAT reporter gene could 
inhibit CAT production. The entire LI coding sequence was 
inserted in a sense or antisense orientation downstream of the 
CAT gene in plasmid pNLCATW (Fig. 4A), resulting in 
pCATLlS and pCATLlA, respectively (Fig. 4A). CAT activity 
or CAT protein levels in HLtat cells transfected with 
pCATLlS, pCATLlA, or pNLCATW were evaluated. Figure 
4B shows that low levels of CAT activity were produced from 
pCATLlS, while pCATLlA and pNLCATW produced high 
levels of CAT, demonstrating that the LI coding sequence 
inhibits CAT production in an orientation-dependent manner. 

We also used a CAT ELISA specifically detecting CAT 
protein to quantitate the amount of CAT present in the cell 
extracts analyzed for Fig. 4B. The results revealed that plasmid 
pCATLlS produced 78-fold lower levels of CAT than did 
pNLCATW (Fig. 4C). The presence of the LI gene in an 
antisense orientation, as in pCATLlA, only resulted in a two- 
to threefold reduction in CAT production (Fig. 4C). Similar 
results were obtained from three independent experiments. 
Plasmid pCSlX, producing SEAP, was included in these trans- 
fections and served as an internal control for transfection ef- 
ficiency. SEAP production did not vary more than twofold 
between the different transfections (data not shown). The two- 
to threefold inhibitory effect on CAT production observed with 
the HPV-16 LI sequence in the antisense orientation is be- 
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FIG, 4. HPV-16 inhibitory element inhibits CAT expression in an orienta- 
tion-dependent manner. (A) Schematic structures of CAT expression plasmids. 
Lightly shaded boxes represent the HIV-1 LTRs. Darkly shaded boxes indicate 
the CAT gene. Open boxes represent HPV-16 LI coding sequences. Numbers 
indicate nucleotide positions on the genomic HPV-16 clone (68). Arrows indi- 
cate orientation of the HPV-16 LI gene in the plasmid. The names of the 
plasmids are indicated on the left. (B) The presence of the HPV-16 LI gene in 
the sense orientation strongly inhibits CAT activity. HLtat cells transfected with 
pNLCATW, pCATLlS, and pCATLlA were harvested in lysis buffer (0.5% 
Triton X-100, 100 mM Tris-HCI [pH 7.8]). CAT activity in each cell lysate was 
analyzed in triplicate by the method described by Gorman et al. (31). Results 
from a representative experiment are shown. (C) CAT protein levels from the 
same samples used for measuring CAT activities in Fig. 4B were determined by 
a CAT-capture ELISA kit (Boehringer Maimheim GmbH). CAT protein levels 
are displayed as CAT units. 



lieved to be unspecific and is too low to account for the inhib- 
itory effect on LI production. We concluded that the HPV-16 
LI coding sequence contained cw-acting inhibitory elements 
that acted in an orientation-dependent manner to inhibit gene 
expression. 

An inhibitory element located between nt 5813 and 6150 in 
the HPV-16 LI coding sequence. To map the inhibitory se- 
quences, we generated a series of deletions in the 3' end of the 
LI coding sequence in pCATLlS (Fig. 5). Triplicate transfec- 
tions were performed and CAT levels were determined with 
the CAT ELISA as described above. The CAT values were 
normalized to those of SEAP produced from plasmid pCSlX, 
included in each transfection as an internal control for trans- 
fection efficiency. Deletions in the 3' end of LI in pCATLlS 
resulted in a gradual increase in CAT levels. The LI fragment 
present in pCATLlABS substantially inhibited CAT expres- 
sion, while higher levels of CAT were produced from pCAT- 
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FIG. 5. Identification of inliibitoiy sequences present in the HPV-16 LI 
coding region. Lightly shaded boxes represent the HIV-1 LTRs. The darkly 
shaded box indicates the CAT gene. Solid bars represent the HPV-16 LI coding 
sequence. Numbers refer to nucleotide positions on the genomic HPV-16 clone 
(68). The names of the plasmids are shown on the left. Triplicate transfections 
were performed. The difference in transfection efficiency among CAT expression 
plasmids was corrected by being normalized to SEAP produced from pCSlX, 
included as an internal control. Arithmetic means and standard deviations were . 
calculated by standard methods and are shown on the right. 



347 (Fig. 5). These experiments mapped the 3' boundary of a 
negative element to sequences between nt 5984 and 6150. To 
investigate if inhibitory sequences were present in the 5' end of 
the LI gene, 5' deletions were introduced in the LI gene in 
plasmid pCATLlS. Deletion of sequences between nt 5637 
and 6347 as in plasmid pCAT-804 resulted in increased levels 
of CAT protein. However, these levels were significantly lower 
than those produced from pNLCATW. Therefore, inhibitory 
sequences were present also between nt 6150 and 7154. Inter- 
estingly, plasmid pCAT-565 produced high levels of CAT, 
demonstrating that inhibitory sequences were entirely or par- 
tially deleted in this plasmid. Plasmid pCATLlSS, containing 
an LI fragment spanning sequences between nt 5813 and 6551 
near the 5' end of the LI coding sequence, produced low levels 
of CAT. These results indicated that sequences between nt 
5637 and 5813 were not required for strong inhibition. These 
results suggest that one inhibitory element is located between 
nt 5813 and 6150 and that another is located downstream of nt 
6150. 

To investigate the effect of the LI sequence on CAT mRNA 
levels, we analyzed cytoplasmic poly(A)^ mRNA levels in 
HLtat cells transfected with pNLCATW or pCATLlSS (Fig. 
6A). RT-PCR was performed on serially diluted RNA samples 
with oligonucleotides specifically detecting CAT mRNAs. The 
results showed that CAT mRNA levels generated from 
pCATLlSS were fourfold lower than those produced from 
pNLCATW (Fig. 6B). Levels of SEAP produced from pCSlX, 
included to serve as a control for transfection efficiency, varied 



5614 TAN ET AL. 



J. Virol. 



A 

LTR CAT LTR 

5113 «55l 

i>CATLiss |sMJ-^^B--[jyv^igLi~l— Isll I 



B 



pNLCATW pCATLlSS 













Hi 


actln — 


1 



FIG. 6. HPV-16 LI coding sequence (nt 5813 to 6551) is necessary and 
sufficient for inhibition. (A) Schematic structures of CAT expression plasmids. 
Lightly shaded boxes represent the HIV-1 LTRs. Darkly shaded boxes indicate 
the CAT gene. The open box represents the HPV-16 LI coding sequence. 
Numbers indicate nucleotide positions on the genomic HPV-16 clone (68). 
Names of the plasmids are shown on the left. (B) Analysis of cytoplasmic 
poly(A)"^ mRNA levels from HLtat cells transfected with pNLCATW or 
pCATLlSS. The left panel shows PCR amplification of cDNA synthesized from 
serially fourfold-diluted cytoplasmic poly(A)'*" mRNAs isolated from cells trans- 
fected with pNLCATW or pCATLlSS. The positions of the amplified DNA 
fragments are indicated on the left. The oligonucleotides were end labeled with 
[7-^2p]ATP prior to PCR. The PCR products were analyzed on 6% polyaciyl- 
amide gels, followed by autoradiography. The right panel shows PCR amplifi- 
cation of cDNA from spliced actin mRNA in the cytoplasmic fraction of trans- 
fected cells. The number of cycles for PCR amplification of cDNA was adjusted 
to detect the amplified products in the linear range of the assay. 



less than twofold between transfections (data not shown). 
These results verified that the presence of inhibitory sequences 
in HPV-16 LI decreased cytoplasmic poly (A)"*" mRNA levels. 
However, the difference in CAT protein production between 
pNLCATW and pCATLlSS was approximately 140-fold (Fig. 
5). Therefore, the inhibitory effect was greater at the protein 
level than at the mRNA level. These results demonstrated that 
mRNAs containing inhibitory HPV-16 sequences were present 
in the cytoplasm but were not efficiently translated. We con- 
cluded that inhibitory LI sequences acted by reducing both 
cytoplasmic poIy(A)^ mRNA levels and mRNA utilization. 

Inhibitory sequences in the HPV-16 late 3' UTR act by 
reducing mRNA levels and mRNA utilization. It has been 
reported that the HPV-16 late 3' UTR contains inhibitory 
sequences that act in cis to reduce expression of a reporter 
gene in transient transfection experiments (44). To investigate 
whether these sequences were functionally similar to the neg- 
ative element in the HPV-16 LI coding sequence identified 
here, we inserted an HPV-16 sequence (nt 6818 to 7453), 
containing the HPV-16 late 3' UTR and late poIy(A) signal, 
downstream of a CMV promoter and an HIV-1 plT^''^ gene 
used here as a reporter gene (65) (see Materials and Methods). 
This resulted in plasmid pCH16pA (Fig. 7A). A deletion which 
removed the previously identified negative element was intro- 
duced into pCH16pA, resulting in pCH16ApA (Fig. 7A). Pro- 
duction of pl7'^''^ from cells transfected with pCH16pA or 
pCH16ApA was assessed by Western immunoblotting. Figure 



7B showed that pCH16ApA produced high levels of plT^"^, 
while pCH16pA produced only low levels of pn^*"*. The levels 
of pl7^''^ produced from pCH16ApA were similar to those 
produced from pCM1234pA (Fig. 7B), in which the HPV-16 
late poly(A) signal was replaced with the SV40 early poly(A) 
signal (Fig. 7A). Western blot analysis of serial 2-fold dilutions 
with extracts from cells transfected with pCH16ApA revealed 
that approximately 64-fold higher levels of plT^*** were pro- 
duced from pCH16ApA compared with those produced from 
pCH16pA (Fig. 7C). This is in agreement with previous studies 
of the inhibitory effect of this region of HPV-16 (44). Plasmid 
pCMVCAT was included as an internal control for transfec- 
tion efficiency, and CAT levels did not vary more than twofold 
between the different transfections (data not shown). 

To determine whether the 64-fold difference in pll^""^ pro- 
duction between pCH16ApA and pCH16pA was reflected at 
the mRNA level, we analyzed cytoplasmic poly(A)'^ mRNA 
produced from pCH16ApA and pCH16pA, respectively. The 
cytoplasmic poly(A)"*" mRNA samples were serially diluted 
and subjected to random hexamer oligonucleotide-primed re- 
verse transcription followed by PCR amplification with oligo- 
nucleotides specific for plT^''^ mRNA or oligonucleotides spe- 
cific for CAT mRNA produced from the internal control 
plasmid pCMVCAT. The RT-PCR results revealed that 
pCH16pA produced approximately fourfold lower levels of 
cytoplasmic poly(A)^ mRNA than did pCH16ApA (Fig. 7D), 
while CAT mRNA levels did not vary substantially (Fig. 7D). 
Similar to the inhibitory sequences in the LI coding region, the 
negative element in the HPV-16 late 3' UTR acted in cis to 
decrease both cytoplasmic mRNA levels and mRNA utiliza- 
tion. 

HIV-l Rev and RR£ can overcome the effect of the inhibi- 
tory element in the HPV-16 late 3' UTR. Since the presence of 
HIV-1 Rev in trans and RRE in cis could overcome the effect 
of the inhibitory sequences in the LI coding sequence, we next 
tested if Rev and RRE could also overcome the effect of the 
inhibitory element in the HPV-16 late 3' UTR. RRE was 
therefore inserted into plasmid pCH16pA, generating 
pCH16RRE (Fig. SA).^ Analysis of plT^''^ production from 
this plasmid in the absence or presence of Rev revealed that 
Rev could overcome the negative effects of the inhibitory 
HPV-16 element (Fig. SB). The pl7^"^ levels produced from 
pCH16RRE in the presence of Rev were similar to those 
produced from pCM1234pA (Fig. 8B), demonstrating that 
HIV-1 Rev was able to efficiently restore levels of expression of 
pl7ff«5 protein. A quantitative estimate of plT^''^ protein levels 
produced in the absence or presence of Rev revealed that the 
presence of Rev increased pl7^''* protein levels by approxi- 
mately 30-fold (data not shown). 

We next analyzed nuclear and cytoplasmic poly (A) plT^**^ 
mRNA levels in HLtat cells transfected with pCH16RRE in 
the absence or presence of Rev. Serial dilutions of extracted 
mRNAs were subjected to RT-PCR. The results revealed that 
high levels of pl7'^''* mRNA were present in the cytoplasm in 
the absence of Rev (Fig. 8C). A two- to fourfold increase in 
both nuclear and cytoplasmic plT^*"* mRNA levels was ob- 
served in the presence of Rev (Fig. 8C). The amount of CAT 
protein produced from pCMVCAT included as an internal 
control for transfection efficiency varied less than twofold be- 
tween transfections. The levels of spliced actin mRNA were 
similar in the absence or presence of Rev, demonstrating that 
similar amounts of poly(A)'** mRNA were used for analysis 
(Fig. 8C). To control for the firactionation technique used to 
separate nuclei from cytosol, RT-PCR was performed with 
oligonucleotides specifically detecting unspliced actin mRNA. 
These results showed that unspliced actin RNA was found 
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FIG. 7. Inhibitory sequences in the HPV-16 late 3' UTR. (A) Schematic structures of pi 7^* expression plasmids. Solid boxes indicate the human CMV immediate 
early promoter. Darkly shaded boxes indicate the mutated pi 7^*^ gene named pi 7M 1234 (65). Open boxes indicate the HPV-16 late 3' UTR-containing sequences. 
The lightly shaded box indicates the SV40 early poly(A) signal. Brackets mark the limits of a deletion between nt 6858 and 7282. Numbers refer to nucleotide positions 
on the genomic HPV-16 done (68). LP2 is the major late poly(A) signal present in the HPV-16 3' UTR and is shown as an open triangle (43, 60). The names of the 
plasmids are indicated on the left. (B) Western blot analysis of plT^* production from HeLa cells transfected with pCH16ApA, pCH16pA, or pCM1234. Proteins were 
resolved on SDS-15% polyacryl amide gels and electrophoretically transferred onto nitrocellulose membranes. The pl*^ protein was detected with an HIV-l-positive 
patient serum, followed by incubation with horseradish peroxidase-conjugated anti-human immunoglobulin G antiserum. pl7^ was visualized with enhanced 
chemiluminescence detection reagents. The position of the pl7^'* protein is indicated on the left. (C) Western blot analysis of pi 7^ production from cells transfected 
with pCH16ApA and pCH16pA, respectively. Cell lysate from pCHPVlApA-transfected cells was serially twofold diluted, and pl7^'^ protein was determined by 
Western immunoblotting as described in the legend to Fig. 7B. The position of pl7^* protein is indicated on the left. (D) RT-PCR analysis of dilutions of cytoplasmic 
poly(A)^ mRNA. Serial fourfold dilutions of cytoplasmic poly(A)'^ mRNAs from cells transfected with pCH16ApA or pCH16pA were reverse transcribed, followed 
by PGR. The upper panel shows PCR amplification of the cDNA samples with oligonucleotides specific for the pl7*^ sequence present in pCH16ApA and pCH16pA. 
The lower panel shows PCR amplification of the same cDNA samples with oligonucleotides specific for the CAT sequence present in the CAT expression plasmid used 
here to control for transfection efficiency. Oligonucleotides were end labeled with [y-^^?]ATF prior to PCR. The PCR products were analyzed on 6% polyacrylamide 
gels, followed by autoradiography. The positions of the amplified DNA fragments are shown on the left. RT (-) indicates that RT-PCR was performed in the absence 
of RT in the cDNA synthesis reaction mixture. 



primarily in the nuclear fraction (Fig. 8C). In conclusion, Rev 
had only a moderate effect on plT^''^ mRNA levels, while 
pljg^g protein levels were greatly increased in the presence of 
Rev. Therefore, Rev and RRE acted primarily by increasing 
translation of the mRNAs containing inhibitory HPV-16 se- 
quences. 

SRV-1 CTE counteracts the effect of inhibitory sequences in 
the HPV-16 late 3' UTR. As shown above, the SRV-1 CTE 
element could eflficiently overcome inhibition exerted by the 
inhibitory sequences in the HPV-16 LI coding region. We 
also investigated whether the SRV-1 CTE could overcome 
inhibition exerted by the inhibitory sequences in the HPV-16 
late 3' UTR. The SRV-1 CTE was inserted into pCH16pA 
in sense and antisense orientations, resulting in pCH16CS 
and pCH16CA, respectively (Fig. 9A). Figure 9B shows that 
pCH16CA produced low levels of pl7^"«, while pCH16CS pro- 
duced high levels of pi 7^"*, similar to those produced from 
pCM1234pA. These results demonstrated that the SRV-1 CTE 



element was able to counteract the negative effect of the 
HPV-16 late 3' UTR sequences. 

We also analyzed cytoplasmic poly (A)"*" mRNA levels in 
HLtat cells transfected with pCH16CS or pCH16CA. RT-PCR 
was performed on serially fourfold-diluted RNA samples with 
oligonucleotides specific for pl7*''* mRNA. The results re- 
vealed that approximately four times more pl7*''^ mRNA was 
present in cells transfected with pCH16CS than in cells trans- 
fected with pCH16CA (Fig. 9C). Actin mRNA levels in these 
two samples were similar, demonstrating that similar amounts 
of poly(A)^ mRNA were used in the RT-PCR. Quantitation of 
serially diluted pl?^*** protein by Western blot analysis re- 
vealed that pCH16CS produced approximately 64-fold higher 
levels of pi?*''* than did pCH16CA (data not shown). There- 
fore, the presence of the CTE element on the mRNA resulted 
in increased cytoplasmic poly(A)'*" mRNA levels and increased 
translation of mRNAs containing inhibitory HPV-16 se- 
quences. 
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Transcription in the cytoplasm relieves inhibition exerted 
by sequences in the HPV-16 late 3' UTR. The results described 
above showed that inhibition exerted by the negative elements 
in the HPV-16 LI coding sequence could be relieved if tran- 
scription of these sequences occurred in the cytoplasm. We 
examined if this was also true for the inhibitory sequences in 
the HPV-16 late 3' UTR. The CMV promoter present in 
pCH16pA and pCH16ApA was replaced with the bacterio- 
phage T7 promoter, resulting in plasmids pT7-16pA and pT7- 
16ApA (Fig. lOA), respectively. HeLa cells were infected with 
the recombinant vaccinia virus vTF7-3 (27, 28), producing T7 
RNA polymerase, followed by transfection with pT7-16pA or 
pT7-16ApA. Western blot analysis revealed that similar high 
levels of pl?-^"^ protein were produced from both plasmids 
(Fig. lOB), demonstrating that transcription in the cytoplasm 
relieves inhibition exerted by the inhibitory element in the 
HPV-16 late 3' UTR. These results indicate that nuclear fac- 
tors are required for inhibition. 

DISCUSSION 

In this study, we show that the HPV-16 major capsid protein 
LI coding region contains intragenic inhibitory sequences that 
act in an orientation-dependent manner to posttranscription- 
ally inhibit LI expression. We also confirmed previous findings 
(44) that an independently acting inhibitory element is present 
in the HPV-16 late 3' UTR. The presence of these inhibitory 
elements on HPV late mRNAs offers an explanation for pre- 
vious observations demonstrating that expression of HPV-16 
capsid proteins is restricted to terminally differentiated kera- 
tinocytes. Interestingly, production of HPV-16 LI could be 
activated with HIV-1 Rev and RRE or by providing the SRV-1 
CTE element. Alternatively, inhibition could be bypassed by 
transcription of the HPV-16 LI sequence in the cytoplasm with 
the vaccinia virus-T7 RNA polymerase-based expression sys- 
tem (27, 28), suggesting that nuclear processes participate in 
the inhibition. 

Similarly to the HPV-16 LI mRNAs, HIV-1 mRNAs encod- 
ing Gag, Pol, and Env proteins contain inhibitory sequences in 
coding regions (10, 14, 51, 57, 62, 65, 67). These sequences 
prevent expression of viral structural proteins in the absence of 
Rev. Comparison of inhibitory sequences in coding regions of 
mV-1 gag with those in HPV-16 LI mRNAs revealed that they 
have a high AU content. One inhibitory element on the HFV-l 
gag mRNA was characterized in detail in previous work as an 
AU-rich sequence with an AU content of 61.5% (65, 67). The 
AU content of the HPV-16 LI region associated with inhibi- 
tory sequences (nt 5813 to 6150) is 59.6%. Similarly, the pre- 
viously identified negative elements in the HPV-1 and HPV-16 
late 3' UTRs were described as AU-rich sequences (44, 72). 
AU richness may be a general property of viral RNA se- 
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FIG. 8. Comparison of plT^** protein levels and nuclear and cytoplasmic 
mRNA levels from cells transfected with pCH16RRE in the absence or presence 
of Rev protein. (A) Schematic structures of plT^*^ expression plasmids. Solid 
boxes indicate the human CMV immediate early promoter (CMV), shaded boxes 
indicate the mutated pi 7**^ gene named pi 7M 1234 (65), and open boxes rep- 
resent the HPV-16 late 3' UTR-containing sequences or the HlV-1 RRE as 
indicated. Numbers refer to nucleotide positions on the genomic HPV-16 clone 
(68). LP2 is the major late poIy(A) signal present in the HPV-16 3' UTR and is 
shown as an open triangle (43, 60). The names of the plasmids are displayed on 
the left. (B) Western blot analysis of extracts of cells transfected with pCH16pA, 
pCM1234, or pCH16RRE in the absence or presence (+) of Rev protein, pi 7^** 
production was analyzed by Western immunoblotting as described in the 



legend to Fig. 7B. The position of plT^^^ protein is indicated on the left. (C) 
RT-PCR analysis of nuclear and cytoplasmic poIy(A)"^ mRNA. The upper left 
panel shows PCR amplification of the cDNA synthesized from poly(A)"^ mRNAs 
isolated from nuclear fractions of cells transfected with pCH16RRE in the 
absence or presence of Rev protein. Oligonucleotides were end labeled with 
[7-^^P]ATP prior to PCR. The upper right panel shows PCR amplification of 
cDNA from spliced or unspliced actin mRNAs in the nuclear fraction of cells 
transfected with pCH16RRE in the absence or presence of Rev protein. The 
positions of the amplified DNA fragments are indicated on the left. The lower 
left panel shows PCR amplification of cDN A synthesized from serially fourfold- 
diluted cytoplasmic poly(A)"^ mRNAs isolated from cells transfected with 
pCH16RRE in the absence or presence of Rev protein. The lower right panel 
shows PCR amplification of cDNA from spliced or unspliced actin mRNAs in the 
cytoplasmic fraction of cells transfected with pCH16RRE in the absence or 
presence of Rev protein. 
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FIG. 9. Inhibition exerted by the HPV-16 late 3' UTR is relieved by the 
presence of the SRV-1 CTE in the sense orientation. (A) Schematic structures of 
plTS^ expression plasmids. The solid boxes indicate the human CMV immediate 
early promoter (CMV), shaded boxes indicate the mutated plT^'w gene named 
pl7M1234 (65), and open boxes represent the HPV-16 late 3' UTR-containing 
sequences or the SRV-1 C I t-containing sequence as indicated. Arrows indicate 
the orientation of the CTE in the plasmids. Numbers refer to nucleotide posi- 
tions on the genomic HPV-16 clone (68). LP2 is the major late poly(A) signal 
present in the HPV-16 3' UTR and is shown as an open triangle (43, 60). The 
names of the plasmids are displayed on the left. (B) Western blot analysis of 
extracts from cells transfected with pCH16CS, pCH16CA, pCH16pA, or 
pCM1234pA. The production of pi 7^*^ was analyzed by Western immunoblot- 
ting as described in the legend to Fig. 7B. The position of pi 7^ protein is 
indicated on the left. (C) RT-PCR analysis of dilutions of cytoplasmic poly(A)* 
mRNA. The left panel shows PCR amplification of cDNA synthesized from 
serially fourfold -diluted cytoplasmic poly(A)"^ mRNAs isolated from cells trans- 
fected with pCHieCS or pCH16CA. Oligonucleotides were end labeled with 
[•y.32pj^jp pj-jQ,. yjjg j-jgi^j panel shows PCR amplification of cDNA 

synthesized from spliced actin mRNAs in the cytoplasmic fraction of cells trans- 
fected with pCH16CS or pCH16CA The positions of the amplified DNA frag- 
ments are indicated on the left. 



quences with inhibitory function. In addition, several cellular 
mRNAs that are under posttranscriptional regulation contain 
AU-rich inhibitory sequences in the 3' UTR. Such AU-rich 
sequences usually contain multiple copies of the AUUUA pen- 
tanucleotide (13, 63). This sequence motif is not present in the 
negative element in the HPV-16 late 3' UTR (44). However, 
the inhibitory region in the HPV-16 LI coding sequence (nt 
5813 to 6150) contains seven AUUUA pentanucleotides. Ad- 
ditional experiments are required to establish the role of 
AUUUA motifs in HPV-16 LI posttranscriptional inhibition. 
The various sequence motifs proposed by Kennedy et al. to 
play a role in the inhibitory function of the negative element in 
the HPV-16 late 3' UTR (44) were not present in the LI 
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FIG. 10. Transcription in the cytoplasm could bypass inhibition exerted by 
the inhibitoiy element in the HPV-16 late 3' UTR. (A) Structures of the pi 7^*^ 
expression plasmids. Small open boxes indicate the bacteriophage T7 promoter, 
and large open boxes indicate HPV-16 sequences. Shaded boxes indicate the 
mutated pl7^ gene named pl7M1234 (65). Bent arrows indicate the direction 
of transcription driven by the T7 promoter. The brackets mark the limits of a 
deletion between nt 6858 and 7282. The numbers indicate nucleotide positions 
on the genomic HPV-16 clone (68). LP2 is the major late poly (A) signal present 
in the HPV-16 late 3' UTR and is shown as an open triangle (43, 60). The names 
of the plasmids are indicated on the left. (B) Western blot analysis of pi 7^ 
production. HeLa cells were infected with recombinant vaccinia virus vTF7-3 
(27, 28), followed by transfection with pT7-16pA or pT7-16ApA. Production of 
pl'jsag analyzed by Western immunoblotting as described in the legend to 
Fig. 7B. The position of pi 7^*^ protein is indicated on the left. 



inhibitory coding region. In bovine papillomavirus type 1, 
splice site-like sequences have been proposed to play a regu- 
latory role in late gene expression (29). Sequences with sub- 
stantial homology to the 5' splice site consensus sequence 
AAGGUAAGU could not be found in the HPV-16 LI inhib- 
itory region (nt 5813 to 6150), while the HPV-16 late 3' UTR 
contains 5' splice site-like sequences. It has been suggested 
that these sequences inhibit HPV-16 late gene expression (29). 
It has been reported that unutilized splice sites on HIV-1 
mRNAs inhibit late gene expression in the absence of Rev (11, 
49). This is not easy to reconcile with the fact that gag and pol 
mRNAs produced from simple retroviruses lacking rev genes 
also contain unutilized splice sites but are efficiently exported 
to the cytoplasm. There is also growing evidence that se- 
quences distinct from splice sites inhibit expression of HIV-1 
late genes in the absence of Rev (10, 57, 65). If such sequences 
are altered by mutagenesis, production of the HIV-1 late gene 
products occurs in the absence of Rev (65). 

Although the function of HIV-1 Rev has been extensively 
studied, the exact mechanism of Rev regulation is not fully 
elucidated. It is generally accepted that Rev facilitates trans- 
port of unspliced and singly spliced mRNAs from the nucleus 
to the cytoplasm (17, 25, 26, 36, 59). In addition, Rev has been 
proposed to increase mRNA stability (25, 52, 67) and trans- 
latability (2, 18, 48). Our results on HPV expression reported 
here revealed that high levels of LI mRNA produced from 
plasmid pl6Ll were present in the cytoplasm in the absence or 
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presence of Rev, while LI protein was only detectable in the 
presence of Rev. When Rev protein was provided in trans ^ 
cytoplasmic LI mRNA levels produced from pl6LlRRE in- 
creased less than fourfold (Fig. 2E), while high levels of LI 
protein were produced (Fig. 2C). This demonstrated that 
HPV-16 LI mRNAs were produced and exported from the 
nucleus in the absence of Rev. However, these mRNAs were 
not efficiently translated, indicating that the interaction of Rev 
and RRE improves utilization of RRE-containing mRNAs. 
Similar results were obtained when expression of CAT mRNA 
and protein levels in cells transfected with pNLCATW or 
pCATLlSS, which contains HPV-16 LI inhibitory sequences, 
were compared. There is only a 4-fold difference between the 
levels of cytoplasmic CAT mRNA produced from these two 
plasmids, while the difference in CAT protein levels was 
greater than 140-fold. It is possible that in the absence of Rev 
protein, the HPV-16 LI mRNAs are transported to a cellular 
compartment in which they are not accessible to the cellular 
translation machinery. Our results are consistent with those of 
previous studies showing that the Rev protein has a positive 
effect on translation efficiency by affecting mRNA loading on 
polysomes (2, 18, 48). To explain these results, we postulate 
that the route by which mRNAs are transported from the 
nucleus to the cytoplasm or the cellular factors associated with 
the mRNA may determine the fate of mRNAs in the cyto- 
plasm. Rev may efficiently interact with RRE-containing 
mRNAs by helping them enter a productive nuclear export 
pathway used by cellular mRNAs, thereby directing them to 
the cellular translation machinery. Alternatively, Rev may 
compete with a nuclear factor that interacts with the inhibitory 
sequences and acts by inhibiting RNA processing or transla- 
tion. Therefore, Rev may indirectly affect translation of RRE- 
containing mRNAs. It is reasonable to assume that events 
which decrease utilization of the HPV-16 LI mRNA occur in 
the nucleus before the mRNA enters the cytoplasm, since 
transcription of HPV-16 LI coding sequences in the cytoplasm 
with a vaccinia virus-T7 RNA polymerase-based expression 
system resulted in loss of inhibition. . 

In addition to the HIV-1 Rev-RRE system, the SRV-1 CTE 
could activate expression of HPV-16 LI. The CTE element 
does not require the presence of viral trans-acting factors for 
function, indicating that a Rev-like cellular factor interacts 
with this sequence to overcome the inhibitory effect of the 
negative elements on the HPV-16 LI mRNAs. Since a positive 
element similar in function to the SRV-1 CTE has not been 
identified on the late HPV-16 mRNAs, it is conceivable that 
cellular factors which bind to the HPV-16 inhibitory element 
are present in basal cells of the epithelium, while expression or 
activity of such cellular factors is inhibited in terminally differ- 
entiated keratinocytes. Alternatively, positive cellular or viral 
regulatory factors able to compete with negative factors bound 
to inhibitory RNA sequences are activated in fully differenti- 
ated keratinocytes. Since a Rev-like protein has not been iden- 
tified in any known HPV, we favor a model which predicts that 
cellular negative factors bound to inhibitory HPV sequences 
are inactivated as epithelial cells differentiate. This would al- 
low expression of HPV late gene products. 

Although inhibitory elements present in the HPV-16 LI 
coding sequence and HPV-16 late 3' UTR are structurally 
different and functionally independent, they act in parallel to 
reduce polyadenylated mRNA levels and to inhibit translation 
of mRNA. The fact that multiple inhibitory elements are 
present on the HPV-16 late mRNAs indicates that the pres- 
ence of these elements may be important to ensure that viral 
LI protein is produced only when infected cells differentiate 
and reach the superficial layer of the epithelium. Production of 



virus in terminally differentiated keratinocytes may be impor- 
tant for efficient spreading of virus or for the avoidance of an 
immune reaction against HPV-producing cells. Similarly, 
HIV-1 mRNAs contain multiple inhibitory elements that pre- 
vent expression in the absence of Rev. Also c-myc (6), c-fos (42, 
69, 74), and urokinase-type plasminogen activator (56) 
mRNAs are found to contain multiple inhibitory elements, 
suggesting that this is a general feature of posttranscriptionally 
regulated mRNAs. 

Although HPV-16 and HIV-1 are not related, the negative 
effect on gene expression exerted by the HPV-16 LI inhibitory 
element could be overcome by HIV-1 Rev and RRE. This is a 
surprising finding which indicates that HIV and HPV may use 
a similar strategy to regulate expression of late genes. How- 
ever, HIV-1 late mRNAs are located primarily in the nucleus 
in the absence of Rev, while the HPV-16 LI mRNAs are 
located in the cytoplasm but are not translated. This may imply 
a different kind of regulation. The results presented here sup- 
port the idea that Rev is a positive regulator able to correct 
different defects on viral or cellular mRNAs at a posttranscrip- 
tional level. In agreement with this, it was recently shown that 
the effect of a cellular mRNA instability element in the 3' UTR 
of the transferrin receptor mRNA could be overcome by the 
Rev-RRE regulatory system of HIV-1 or by the Rex-RexRE 
system of human T-cell leukemia virus type 1 (75). 

The finding that CTE or Rev and RRE can activate HPV-16 
LI expression in human epithelial cells may have practical 
applications. HPVs cannot be propagated in vitro, presumably 
as a result of a block in late gene expression in cells other than 
terminally differentiated keratinocytes. A genomic HPV-16 
clone containing CTE inserted in the late region may produce 
virus upon introduction into human cells. Furthermore, 
HPV-16 LI protein has been shown to self- assemble into vi- 
ruslike particles in insect cells with a baculovirus-based expres- 
sion system (46). Viruslike particles have proved to be a more 
specific antigen than denatured particles in serological screen- 
ings of HPV-infected individuals (45). It will be of interest to 
investigate if HPV-16 LI produced with the posttranscriptional 
regulatory systems of HIV-1 and SRV-1 assembles into virus- 
like particles in human cells and if such viruslike particles 
induce strong immune responses against HPV-16. 
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PapHlomaviruses comprise a large number of related small DNA tumor viruses with tropism for 
squamous epithelial cells. The papillomavirus replication cycle is strictly llnlced to the differentiation 
stages of the infected epithelial cells, and the expression of LI and L2 capsid proteins from the viral 
rate genes is primarily detected in the superficial layers of terminally differentiated cells. Expression of 
the LI and L2 genes is blocked In nonterminally differentiated cells and the production of progeny 
virus is delayed until the infected cell reaches the upper strata of the squamous epithelium. This 
property presumably aids the papillomavirus to evade the immune surveillance of the host and allows 
establishment of persistent Infections. Late gene expression levels are determined In part by regula* 
tory RNA sequences on the papiltomavirus mRNAs. This review focuses primarily on negative 
cfs-acttng elements on late papiiiomavirus mRNAs and their candidate frans-acting factors. Identifica- 
tion and characterization of these components will contribute to our understanding of the regulated 
expression of papillomaviruses in mammalian cells, o 100B Academic Preas 

/Ce/lVorcfs:CTE; LI; L2; papillomavirus; posttranscriptionat gene regulation; Rev. 



PAPILLOMAVIRUS LIFE CYCLE 

The papillomavirus family is remarkably heteroge- 
neous and includes a large number of related epithelio- 
tropic, small DNA viruses (1, 2). They are associated 
with a variety of neoplasias and include important 
human pathogens that are foimd in anogerutal cancers 
and skin cancers {2, 3). All papillomaviruses contain a 
circular double-stranded DNA genome of approxi- 
mately 8 kb that is contained as a multicopy episome in 
the infected cell (1, 4, 5). The genome, can be divided 
into three regions encoding early genes, late genes, and 
a noncoding region (NOT) (Fig. 1). The early genes 
express proteins involved in transcriptional regida- 
tion, virus DNA replication, and cell transformation, 
whereas the late genes code for the major and minor 
capsid proteins LI and L2; respectively (1, 2) (Fig. 1). 
Together with a circular copy of the virus DNA 
genome, the LI and L2 proteins assemble into icosahe- 
dral infectious virions with a diameter of approxi- 
mately 55 nm (6). 

The papillomavirus life cycle is intricately linked to 
the cell differentiation program and completion of the 
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virus replication cycle is dependent on terminal differ- 
entiation of the infected epithelial cell (1, 5, 7, 8). Papil- 
lomaviruses infect cutaneous or mucosal epithelia and 
it is believed that infection occurs as a result of micro- 
traumas that expose cells in the basal layers of the squa- 
mous epithelium to virus entry (1). The virus early genes 
are expressed in all layers of the epithelium (Fig. 2) and 
produce a large number of multiply spliced mRNAs 
which direct synthesis of the early proteins (9). These 
mRNAs are polyadenylated at the early poly(A) signal 
located immediately upstream of the late region on the 
virus genome (Fig. 1). Production of the late proteins 
LI and L2 is blocked in cells in the lower layers of the 
epithelium and is restricted to the terminally differenti- 
ated cells in the upper layers of the epithelium (1, 5, 7, 
8) (Fig. 2). Apparently, the blockage of LI and L2 
expression is released or overcome as the infected cell 
enters the granular or most differentiated epithelial 
cell layers (Fig. 2). One consequence of this is that in 
vitro propagation of papillomavirus has been success- 
ful only when the ir\fected or transfected epithelial cells 
are aUowed to differentiate in organotypic cell cultures 
or have been transplanted into nude mice (7, 10, 11). 
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The identification of negative, regulatory RNA se- 
quences on papillomavirus late mRNAs suggest that 
these sequences are important determinants of papillo- 
mavirus LI and L2 expression levels (16-19). Our 
current knowledge of the papillomavirus inhibitory 
RNA sequences and their putative ^rajis-acting factors 
is summarized below. 



transcription 
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capsid proteins 



DNA replication 



FIG. 1. Generic papillomavirus genome. Open boxes indicate open 
reading frames encoding early (E) and late (L) genes and the black 
box indicates the noncoding region (NCR). pAE and pAL, early and 
late poly(A) signals, respectively. 



Papillomavirus late gene expression is tightly con- 
trolled and regulated at both transcriptional and post- 
transcriptional levels (1). Differentiation-dependent 
promoters that are induced to produce papillomavirus 
late mRNAs polyadenylated at the late poly(A) signals 
downstream of the LI open reading frame (Fig. 1) have 
been identified (12-14). Cis-acting DNA elements that 
are required for differentiation-dependent transcrip- 
tion may be identified by analysis of the transcrip- 
tional activity of the NCR region in raft cultures with 
differentiating cells (15). In addition, late gene expres- 
sion Ccin be regulated at the posttranscriptional level. 



REGULATORY RNA SEQUENCES 
ON CELLULAR mRNAs 

Cellular and viral mRNAs contain sequences that 
modulate the levels of protein produced from the 
expressed gene. Regulatory RNA sequences are lo- 
cated in the 5' untranslated region (UTR), in the 
protein coding sequence, or in the 3' UTR of the mRNA 
and possibly act by targeting the mRNAs to premature 
degradation or by prevention of translation (20). The 
mRNA half lives and translation efficiencies are not 
static but fluctuate in response to environmental fac- 
tors. The inhibitory RNA sequences are believed to 
interact with cellular trans-acting factors that deter- 
mine the fate of the mRNAs. It is possible that the RNA 
binding activity of such factors may change in re- 
sponse to certain cell stimuli, thereby increasing or 
decreasing the levels of the target gene product. Weil 
characterized as-acting RNA elements include the iron 
response element in the 5' UTR on the ferritin mRNA 
which interacts with the iron response element bind- 
ing protein that imposes a translational block on the 
mRNA under conditions of low concentration of intra- 



Papillomavlnis late 
gene exprcssioii 




\ 

Basement rnernbranc 

FIG. 2. Schematic diagram of stratified epithelium. Cells in the basal layer are dividing, resulting in one cell that retains the ability to divide 
and one daughter cell that migrates upward^ entering the terminal differentiation program. Papillomavirus DNA can be detected in all layers 
whereas the late gene products LI and L2 are detected primarily in stratum granulosum and comeum. 
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cellular iron (21). The mRNA 3' UTR may also contain 
regulatory RNA sequences. Among the best character- 
ized of these sequences are the histone mRNA 3' UTR 
element (22), the transferrine receptor mRNA 3' UTR 
element (21), and the AU-rich RNA elements (AREs) 
(20, 23). The latter elements have been found on a large 
number of cellular mRNAs that are under posttran- 
scriptional control (20). Although the exact definition 
of an ARE is not clear, it appears that the majority of 
these elements contain AUUUA pen tamers in an AU- 
rich environment and target mRNAs for rapid degrada- 
tion, presumably a result of their interactions with 
cellular factors (20). For example, the c-fos ARE can be 
divided into two domains, each shorter than 50 nt and 
containing either AUUUA pentamers or U-rich stretches 
(24). Regulatory elements have also been located to the 
mRNA coding regions on, for example, c-myc and 
c-fos mRNAs, but these sequences are in general less 
weW characterized than the 3' UTR elements (20). In 
conclusion, many cellular mRNAs contain czs-acting 
mRNA elements that interact with cellular factors that 
determine the fate of the synthesized mRNA. It is 
likely that viruses take advantage of the posttranscrip- 
tional regulatory machinery present in the cell to 
modulate expression of their own genes. Therefore, 
identification and characterization of virus cis-acting 
regulatory RNA sequences and their trans-eictmg cellu- 
lar factors may contribute to our understanding of 
posttranscriptional regulation of virus and cellular 
gene expression. 



INHIBITORY RNA SEQUENCES 
ON HUMAN PAPILLOMAVIRUS 
TYPE 1 LATE mRNAs 

Human papillomaviruses (HPVs) are strictly epith- 
eliotropic and different HPV types preferentially infect 
mucosal or cutaneous epithelium at certain anatomical 
sites (3). HPV-1 is tropic for cutaneous epithelium and 
is the etiologic agent of deep plantar warts. Such warts 
are benign tumors and usually regress within 2 years, 
presumably as a result of cell-mediated immune re- 
sponses against virus-infected cells. Immimostainings 
of HPV-l-infected epithelium have established that the 
HFV'l LI and L2 proteins are detected primarily in the 
upper layers of terminally differentiated epithelial 
cells (25), a differentiation-dependent late gene expres- 
sion pattern typically observed in HPV-infected squa- 
mous epithelial cells. HPV-1 virions are found in 
abundance throughout infected cells (26) to such an 



extent that experiments can be performed on primary 
cell cultures (27) or skin from human hand or foot (28). 

One explanation for the absence of HPV-1 late gene 
expression in the lower layers of nonterminally differ- 
entiated cells is the presence of inhibitory sequences on 
late HPV-1 mRNAs. To identify negative eiements, 
certain sequences spanning various regions of the late 
HPV-1 rr\RNAs were inserted after a reporter gene in 
eucaryohc expression plasmids and the effect on the 
reporter gene expression was determined in transient 
transfections (18). The results revealed the existence of 
inhibitory sequences in the HPV-1 late 3' UTR and 
indicated that they decreased expression levels of the 
reporter gene in an orientation-dependent manner (18, 
29, 30) (Fig. 3). In contrast, the 3' UTR of the early 
mRNAs did not inhibit gene expression in the same 
assay (29) (Fig. 3), demonstrating that inhibitory activ- 
ity is confined to the late mRNAs. The inhibitory 
sequence acts in cis to reduce the mRNA half life and 
prevents efficient utilization of the mRNA in the cell 
(18, 30). 

The HPV-1 inhibitory element has been mapped to a 
57-nt sequence located immediately downstream of 
the LI stop codon (30) (Fig. 4). This sequence contains 
93% A + U and can be divided into two parts; a 5' 
region that contains two AUUUA mohfs and a 3' 
region that contains three UUUUU repeats (Fig. 5A 
and Table 1). Deletions or point mutations in AUUUA 
or UUUUU motifs reduced the inhibitory activity, 
whereas point mutations in both motifs abolished the 
inhibitory activity (30). AUUUA and UUUUU motifs 
are hallmarks of many AU-rich mRNA instability 
elements located in the 3' UTRs of a variety of labile 
cellular mRNAs, typically those encoding proto- 
oncogenes and cytokines (20, 24). The similarity be- 
tween the c-fos and the HPV-1 AU-rich elements is 
particularly strong as both elements contain two 
AUUUA and three UUUUU motifs in an AU-rich 
context (Fig. 5A) (18) that act by reducing mRNA 
stability (30). 

Multiple nuclear and cytoplasmic proteins in HeLa 
cells interact with the FiPV-l AU-rich inhibitory se- 
quence (29) (Fig, 5B). All proteins are characterized by 
having high affinity for poly(U) while they show weak 
or no binding to other homoribopolymers (29, 30). Of 
particular interest are three proteins with molecular 
masses of 38, 44, and 46 kDa since they do not bind to 
the 3' UTR of early HPV-1 mRNAs and they faU to 
interact with HPV-1 RNAs with point mutations that 
reduce the irJiibitory activity of the AU-rich sequence 
(29, 30). The 44- and 46-kDa proteins were identified as 
heterogenous nuclear ribonucleo proteins (hnRNP) CI 
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and C2 (Fig. 5B and Table 1) (30). hnRNP CI and C2 
have been found to bind to U-rich sequences of the 
poly(A) signal and to polypyrynudine-rich intron se- 
quences on cellular mRNAs, but their role in polyade- 
nylation or splicing remains unclear (31). The 38-kDa 
HPV-1 RNA binding protein binds to lJUUUU motifs 
and appears to share many characteristics with the 
URBP protein that interacts with the UUUUU se- 
quences in the c-fos RNA instability element (32). A 
compelling fact is that all proteins that interact with 
the HPV-1 AU-rich sequence also bind to the c-fos 
AU-rich element (30) (Fig. 5B). Interestingly, the expres- 
sion patterns in squamous epithelium of HPV-1 capsid 



Stefan Schwartz 



HPV-1 



LI 



pA 

Y 



HPV-16 



LI 



57 



pA 

Y 



79 



I LI I NCR 



BPV-l 



[E6> H F.I h lMHKllOr 

t 

early 3' UTR 



lale 3' liTR 



pCMl234pA 

B 




/////// 



pl7gag- 



FIG. 3. Inhibitory sequences are present in the 3' UTR of late but, 
not early HPV-1 and HPV-16 mRNAs. (A) The 3' UTR sequences of 
HPV-1 and HPV-16 early or late mRNAs were inserted in sense or 
antisense orientation downstream of the pl7M1234 reporter gene 
(29). (B) Plasmids were trans fected into HeLa cells and reporter gene 
expression was monitored by Western immunoblotting. The results 
show that HPV-1 and HPV-16 early 3' UTR sequences lack ii\hibitory 
activity, whereas the HPV-1 late 3' UTR contains sequences that 
inhibit gene expression in an orientation-dependent manner (29). 
Reproduced from reference 29 with permission of the publisher 
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nC. 4. Schematic diagram of the late 3' UTR region of HPV-1, 
HPV-16, and BPV-l (16-18, 37). Black bare indicate the location of 
negative RNA elements and numbers Indicate their sizes in nucleo- 
tides. The distance between the negative element and the poly(A) 
signal is shown below the double headed arrow. HPV-1 pA refers to 
pAl (18) and HPV-16 pA refers to LP2 (37). 



proteins and c-fos protein overlap and show strong 
stairung in terminally differentiated cells in the superfi- 
cial cell layers of the epithehum (33), strongly suggest- 
ing that expression of the late HPV-1 genes and cellular 
c-fos are under control of the same regulatory machin- 
ery (30). 

The interaction of the same cellular proteins with 
HPV-1 and c-fos RNA instability determinants may 
have significant implications on the pathogenesis of 
HFV infection. Each infected cell contains a large 
number of HPV genomic copies that have the potential 
to direct synthesis of mRNAs, including late mRNAs 
containing the iiJubitory RNA sequences. Inhibitory 
HPV-1 mRNA sequences may compete with the c-fos 
mRNA instability elements for cellular RNA binding 
proteins, which in turn may unblock the restriction 
imposed on c-fos expression by these factors. Deregu- 
lated c-fos production is a property of many tumor 
cells- In addition, it has been shown that deletion of the 
3' UTR sequence encoding the mRNA instability deter- 
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FIG. 5. (A) Primary sequence of the HPV-1 and the c-Jbs AU-rich elements. AUUUA and UUUUU motifs are underlined. (B) UV-cross linking 
of HeLa cell nuclear proteins to in vitro synthesized, radiolabelled HPV-1 or c-fos AU-rich RNA elements (29, 30), 



minant of the c-fos mRNA increased the oncogenicity 
of the c-fos gene (34, 35), demonstrating that deregu- 
lated posttranscriptional gene regulation may contrib- 
ute to uncontrolled cell growth and tumorogenesis. 

INHIBITORY RNA SEQUENCES 

ON HUMAN PAPILLOMAVIRUS TYPE 

16 LATE mRNAs 

HPV-16 is a sexually transmitted genital HPV type 
with tropism for mucosal epithelial cells which may 
establish persistent infections that in rare cases progress 
to cancer (3). The time span between infection and 
invasive cancer can be several decades (3), Apparently, 
fiPV-16 has evolved to evade the immune responses of 
the host. Low production of virions in infected cells 
and restriction of virus production to the upper layers 
of the epithelium are probably important properties 
that enables the virus to persist in the infected host. 
HPV-16 late mRNAs contain inhibitory sequences that 
may contribute to the regulated expression of the LI 
and L2 late genes (17, 19, 36). 



79-nt sequence (nt position 7128 to 7206 in the HPV-16 
genome) (17, 37, 38). This region could be further 
divided into a 5' portion containing four 5' splice-site- 
like sequences and a 3' portion with a high GU content 
(Table 1) (36, 38). In contrast to HPV-1, the inhibitory 
sequence in the HPV-16 late 3' UTR does not encode 
AUUUA or UUUUU motifs. However, in vitro synthe- 
sized HPV-16 RNA encoding the inhibitory sequence 
was rapidly degraded in vitro after incubation with 
polysomes (17), suggesting that this sequence may 
target HPV-16 late mRNAs for rapid degradation. A 
51-nt sequence spanrung the 5' portion of the HPV-16 
negative element has been studied using site-specific 
mutagenesis. In this sequence, the major inhibitory 
activity coincided with a 5' splice-site-like sequence 
(Table 1), and point mutations in the GU dinucleotide 
of this 5' splice-site-like sequence abolished inhibitory 
activity (36). In the context of its natural poly (A) signal, 
mutations in the same 5' splice-site-like sequence 
reduced inhibitory activity, but the mutant HPV-16 
sequences retained most of their ability to inhibit gene 
expression (38), demonstrating that the downstream 



Negative efements in the HPV-16 late 3' UTR 

Early work identified an inhibitory region located at 
the HPV-16 LI stop codon and extending into the late 
3' UTR (Fig. 4) (17, 37). Plasmids designed to express 
the bacterial CAT gene showed reduced CAT levels 
when 3' UTR sequences and poly (A) signals were 
derived from the HPV-16 late mRNA region compared 
with SV40. The inhibitory HPV-16 region mapped to a 



TABLE 1 

Negative Cis-Elements on Papillomavirus Late mRNAs and Their 
Putative Trans- Acting Factors 



Papillomavirus Cis-elemeats Tra;is-f actors 



HPV-1 


UUUUU 


hnRNPCl/C2, p38 




AUUUA 


HPV-16 


G + U rich stretch 


U2AP65 




GCUGUAAG 


Ul snRNA 


BPV-1 


AAGGUAAGU 


Ul snRNA 
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G+U rich region and the 5' splice-site-like sequence 
act independently and are both required for efficient 
inhibitory activity 

A 65-kDa protein believed to be U2AF65 interacts 
with the GU-rich sequence in the HPV-16 late 3' UTR 
(38) (Table 1). Through mutations that were expected 
to reduce binding of U2AF65, the binding activity of 
the 65-kDa was shown to be weaker. The results 
suggested that binding of this protein to the HPV-16 
RNA element was required for iiJubition. Proteins 
binding to the 5' portion encoding the 5' spiice-site- 
like sequences were not detected using UV cross 
linking (38). However, it has been suggested that this 
sequence interacts with Ul small nuclear RNA and 
that this interaction results in reduced gene expression 
(36). 



Negative elements in the HPV-16 L1 
and L2 coding regions 

The HPV-16 LI and L2 coding regions contain 
inhibitory RNA sequences that act independently of 
the negative elements located in the late 3' UTR (Fig. 6) 
(19, 60). In contrast to the papillomavirus late 3' UTR 
negative elements that appear to be encoded by se- 
quences shorter than 79 nt the LI and L2 negative 
elements encompass larger regions (Fig. 6). Inhibitory 
activity of the sequences in LI and L2 is probably 
dependent on the integrity of a large RNA region (19). 
For example, a negative element in the 5' end of 
HPV-16 LI spans at least 600 nt (19), whereas one 
inhibitory region in HPV-16 L2 encompasses 800 nt 
(60). Further work will identify the ds-acting negative 
elements in HPV-16 LI and L2 coding regions arid their 
frans-acting factors. 
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INHIBITORY RNA SEQUENCES 

ON BOVINE PAPILLOMAVIRUS TYPE 

1 LATE mRNAs 

Bovine papillomavirus type 1 (BPV-1 ) induces fibro- 
papillomas in cattle and transforms primary bovine 
fibroblasts without need for additional oncogenes (39). 
Infection with BPV-1, purified from bovine fibropapQ- 
lomas, can induce morphological transformation of 
established cell lines in vitro, e.g., NIH-3T3 and C127 
murine cells (39). However, progeny virus is not 
released. Similarly to human papillomaviruses, produc- 
tion of BPV-1 virions is inherintly linked to the differen- 
tiation stage of the infected keratinocyte. 

A 53-nt sequence located immediately upstream of 
the poly(A) signal in the BPV-1 late 3' UTR (Fig. 4) acts 
in an orientation-dependent manner to reduce the 
levels of cytoplasmic, polyadenylated mRNAs (16). 
Deletion of this sequence from a BPV-1 LI cDNA 
resulted in increased levels of LI mRNAs in the 
cytoplasm. Intriguingly, the cytoplasmic half life of the 
LI mRNA was not altered following deletion of the 
inhibitory sequence (16), suggesting a mode of action 
other than targeting the BPV-1 late mRNAs for rapid 
RNA degradation in the cytoplasm and suggesting 
that the presence of this sequence reduced the polyade- 
nylation efBciency of the late mRNAs (16). Further 
experiments revealed that the inhibitory activity of this 
region coincided with a 9-nt sequence, AAGGUAAGU, 
with perfect homology to the consensus 5' splice site 
(C/A)AGGU(A/G)AGU (36) (Table 1). This sequence 
alone showed stronger inhibition than the 53-nt se- 
quence. The integrity of the 5' spHce-site-like sequence 
was required since single point mutations in the 
invariable GU dinucleotide abolished irJubition (36). 
In general, mutations that are known to block splicing 
also inactivated the inhibitory sequence. Expression of 



HPV-16 late genes 
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L2 



Ll 



NCR 



inhibitory 
regions: 



FIG. 6. The late region of the HPV-16 genome. Black bars indicate the location of inhibitory sequences in the Ll and L2 coding regions (19, 60). 
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a mutant Ul snRNA containing a compensatory muta- 
tion which allowed base pairing to the inactive inhibi- 
tory BPV-1 sequence carrying a mutation at position 
+5 in the 5' splice-site- like sequence partially restored 
inhibition, indicating that base pairing between the 
BPV-1 5' splice-site-like sequence and Ul soRNA was 
required for irihibitory activity of the BPV-1 sequence 
(Table 1) (36). Similarly to the G + U rich region in the 
inhibitory element in the HPV-16 late 3' UTR, the 
BPV-1 negative element may also interact with a 
splicing factor. 



HETEROLOGOUS 

POSTTRANSCRIPTIONAL REGULATION 
SYSTEMS CAN ACTIVATE 
PAPILLOMAVIRUS LATE GENE 
EXPRESSION 

Similarly to papillomaviruses, expression of retrovi- 
ruses is regulated at both transcriptional and posttran- 
scriptional levels. The prototypic complex retrovirus 
human immunodeficiency virus type 1 (HIV-l) en- 
codes two regulatory proteins named Tat and Rev 
(40-43). Tat activates transcription of the virus genome 
whereas the Rev protein binds to an RNA sequence 
named the Rev-responsive element (RRE) located on 
HIV-l late mRNAs and promotes nuclear export and 
utilization of RRE-containing mRNAs (43). Rev and 
RRE are essential for completion of the virus replica- 
tion cycle, but it was recently shown that virus produc- 
tion could be restored from a Rev and RRE deficient 
virus by insertion of a positive regulatory RNA se- 
quence present in Mason-Pfizer monkey virus and 
simian retrovirus type 1, suggesting the existence of a 
cellular Rev-like protein (44). This sequence is known 
as the constitutive transport element (CTE) (45, 46). 
Interestingly, Rev and RRE or CTE can overcome the 
negative effect of the 3' UTR sequences of HPV-1 (18) 
and HPV-16 (19). Similarly, Rev and RRE counteract 
the negative effect of the BPV-1 late 3' UTR element 
(47). We observed that HIV4 Rev and RRE or simian 
retrovirus type 1 CTE could reverse the effect of the 
inhibitory sequences in the LI and L2 coding regions 
and induce high production of HPV-16 LI protein from 
an LI cDNA (Fig. 7) (19). Expression of HPV-16 LI and 
L2 from recombinant Semliki forest virus, an alphavi- 
rus that replicates in the cytoplasm, resulted in high 
production of LI and L2 (48); suggesting that the 
activity of the inhibitory LI and L2 sequences required 
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LTR 



pl6L]RRE 
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CTE 



B 




-Ll 



FIG. 7. Efficient expression of HPV-16 Ll using HIV-l Rev and RRE 
or simian retrovirus type 1 CTE (46). (A) HFV-:6 Ll expression 
plasmids. (B) Radioimmunoprecipitation of HPV-16 Ll produced in 
HeLa cells trans fected with the indicated plasmids (19). P, preim- 
mune serum; L, anti-HPV-16 Ll peptide antiserum. 



nuclear factors. Taken together, these results indicate 
that Rev recognizes the RRE-containing mRNAs early 
in the mRNAs processing pathway, probably prevent- 
ing interactions between the cellular ^raws-acting fac- 
tors and the papillomavirus RNA inhibitory sequences 
by directing the RRE-containing mRNAs through an 
alternative mRNA processing and transport pathway. 
The effector domain of Rev interacts witfi a nucleopo- 
rin like protein and promotes export of RRE-contain- 
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ing ruRN As through a cellular protem export pathway 
(49, 50). Therefore, bypassing of certam steps m the 
nuclear mRNA processing pathway results in loss of 
inhibition, indicating that nuclear factors are required 
for inhibitory activity. However, HIV-1 Rev and RRE 
also affect the translation efficiencies of mRNAs (51, 
52) and it cannot be excluded that HPV sequences 
interact with factors in the cytoplasm that affect mRNA 
utilization. Upon reflection, one may speculate that 
cellular factors similar in function to the HIV-1 Rev 
protein may be activated in terminally differentiated 
epithelial cells and induce production of the papilloma- 
virus LI and L2 capsid proteins. It is tempting to 
speculate that the HPV genome containing Rev and 
RRE or the CTE may be able to complete the entire 
replication cycle in nonterminally differentiated cells. 



ROLE OF THE INHIBITORY SEQUENCES 
IN THE PAPILLOMAVIRUS LIFE CYCLE 

The presence of inhibitory sequences in both cutane- 
ous (HPV-1) and genital (HPV-16) human papillomavi- 
rus types, as well as in bovine papillomaviruses 
(BPV-1), demonstrates that their presence is a con- 
served property of papillomaviruses and argues that 
these sequences play an important role in the papillo- 
mavirus life cycle. However, the sequence motifs 
encoding irJiibitory activity vary among different pap- 
illomavirus types and their location can be either in the 
late 3' UTR or in the late coding region. This may 
reflect the differences in tropism among the various 
papillomavirus types, i.e., preferential infection of 
epithelia of mucosal or cutaneous origin. Since the 
irJiibitory HPV sequences are active in many different 
cell types and in cells from different species (17, 30), 
papillomaviruses apparently utilize a general cell regu- 
latory machinery that presumably suppresses expres- 
sion of various cellular genes, at least in many dividing 
cells or tumor cells. For example, the HPV-1 and the 
c-fos AU-rich elements interact with the same cellular 
factors (30) and act by reducing mRNA half life. 

In contrast to HPV-16, the HPV-1 LI and L2 coding 
regions lack sequences with strong irJiibitory activity 
(60). Therefore, the presence of inhibitory sequences in 
the LI and L2 coding regions appears to correlate with 
low production of virus in vivo, which is characteristic 
for HPV-16 (27), whereas negative elements are pre- 
sent in the 3' UTR of HPV-1, HPV-16, and BPV-1, all of 
which display a differentiation-dependent late gene 
expression. Indeed, treatment of transfected epithelial 
cells with PMA, which has been shown to induce 
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HPV-31 late gene expression in differentiated cells (53), 
relieved the block on gene expression caused by the 
HPV-16 late 3' UTR negative element (38), suggesting 
that the inhibitory activity of the 3' UTR element is 
alleviated in terminally differentiated cells. The rever- 
sal of inhibition may be a result of inactivation or 
down regulation of cellular factors interacting wdth the 
inhibitory sequences or perhaps a result of the pres- 
ence of RNA binding proteins that reduce the effect of 
the inhibitory sequences, by binding either to these 
sequences or to distinct positive elements on the late 
mRNAs. Confinement of late gene expression to the 
superficial layers of the squamous epithelium may 
allow the virus to avoid the immune surveillance of 
the host. This would also ensure efficient spred of the 
virus since the terminally differentiated cells are des- 
tined to be shed into the environment. 



VIRUS INHIBITORY RNA SEQUENCES 

HIV-1, human T-cell leukemia virus type 1 (HTLV- 
1), Mason-Pfizer morJcey virus, simian retrovirus type 
1, and hepatitis B contain well characterized mRNA 
sequences that interact with viral and cellular factors 
and regulate virus gene expression and virus produc- 
tion (54^59). Inhibitory sequences are located primar- 
ily on the mRNAs encoding structural proteins. These 
viruses all encode positive RNA elements that over- 
come the effect of the negative elements. Cts-acting 
RNA sequences with negative or positive effects on 
gene expression may provide viruses with a tool for 
fine tuned regulation of virus production which prob- 
ably contributes to the ability of HIV-1, HTLV-1, 
hepatitis B, and papillomaviruses to persist in their 
hosts in the presence of specific immune responses 
against the viruses. One may speculate that RNA 
sequences that interact with cellular factors to downreg- 
ulate the expression of virus structural proteins and 
virus production may be encoded by other viruses that 
establish persistent infections and that are not easily 
cleared by the immune responses of the host, e.g., 
hepatitis C and the herpesviruses. 
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